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Rapid  progress  has  been  made  in  recent  years  toward  understanding  how  the 
central  nervous  system  processes  visual  and  vestibular  signals  to  produce  eye 
movements  and  body  postural  responses.  One  of  the  most  fascinating  develop¬ 
ments  has  been  the  discovery  that  many  neurons  in  the  central  vestibular  system 
fire  in  relation  to  the  velocity  of  head  movement,  and  respond  to  any  sensory 
input  that  would  be  utilized  in  initiating  or  sustaining  ocular  nystagmus  and  the 
sense  of  movement.  Of  these  extralabyrinthine  inputs,  that  from  the  visual  system 
is  one  of  the  strongest.  Most  cells  in  the  rostral  medial  vestibular  nucleus  of  the 
alert  monkey  can  be  activated  by  visual  stimulation.  Adding  to  the  activity  of 
central  vestibular  neurons  are  neural  networks  that  superpose  the  inputs  from 
various  sensory  systems,  store  activity,  and  feed  it  back  to  alter  the  characteristics 
of  the  vestibulo-ocular  reflex  (VOR),  so  that  it  more  faithfully  compensates  for 
head  movement.  As  a  result,  activity  of  vestibular  nuclei  neurons  during  head 
rotation  at  low  frequencies  is  much  different  than  the  firing  rates  of  receptor  cells 
in  the  semicircular  canals. 

How  activity  from  the  visual  system  reaches  the  vestibular  system  is  under 
intensive  study,  but  subcortical  visual  pathways  through  the  accessory  optic 
system  and  the  flocculus  of  the  cerebellum  appear  to  play  an  important  role  in 
coupling  the  visual  and  vestibular  systems.  In  addition,  many  neurons  in  the 
vestibular  nuclei  and  vestibulocerebellum  have  their  activity  modulated  with 
rapid  and  slow  eye  movements.  These  are  not  limited  to  movements  generated 
by  the  vestibular  system  but  include  all  spontaneous  and  visually  guided 
movements. 

The  implication  is  that  the  vestibular  nuclei  are  much  more  than  a  simple 
processing  station  for  labyrinthine  activity.  Rather,  they  appear  to  serve  as  a  focal 
point  for  processing  information  about  motion  from  various  sensory  systems  and 
to  participate  in  the  generation  of  rapid  and  slow  eye  movements.  Thus,  there  is  a 
need  to  understand  how  specific  sensory  inputs  converge  on  the  vestibular 
nuclei,  how  the  vestibular  nuclei  participate  in  the  generation  of  eye  and  body 
movements,  and  how  disorders  that  affect  this  convergence  might  be  manifested 
after  lesions  of  the  central  vestibular  system. 

Although  the  inputs  from  the  semicircular  canals  have  been  studied  exten¬ 
sively,  and  a  new  literature  on  visual-vestibular  interactions  is  beginning  to 
build,  there  are  other  important  sensory  interactions  that  require  investigation 
before  we  can  understand  normal  vestibular  function.  Head  movements  gener¬ 
ally  do  not  occur  only  in  one  plane  around  a  vertical  axis,  exciting  a  single  pair  of 
semicircular  canals,  although  this  is  a  common  laboratory  and  clinical  test  mode. 
Instead  a  rotating  gravity  vector  is  introduced  during  normal  head  movement  that 
dynamically  excites  the  otolith  organs  and  contributes  to  the  generation  of 
compensatory  eye  and  body  movements  and  to  the  sense  of  motion.  Little  is 
known  about  the  neurophysiology  of  dynamic  otolith-canal  interactions,  although 


xi 


xii 


Annals  New  York  Academy  of  Sciences 


work  now  is  beginning  to  appear  on  this  important  topic.  It  probably  has  special 
bearing  for  understanding  space  motion  sickness  as  well  as  clinical  vertigo. 

At  present  the  diagnosis  of  a  central  vestibular  disorder  often  is  a  diagnosis  of 
exclusion,  being  limited  to  such  techniques  as  caloric  stimulation  and  positional 
testing.  While  useful,  these  tests  do  not  test  multimodal  sensory  interactions  or 
the  rich  variety  of  behaviors  that  the  vestibular  system  controls  or  elicits.  Ideally, 
one  would  like  to  test  vestibulo-ocular  and  vestibulospinal  reflexes  using  signal 
processing  techniques  to  determine  phase  and  gain  relationships  under  a  variety 
of  conditions,  including  those  in  which  a  ‘‘conflict"  is  introduced  between 
various  sensory  inputs.  Although  the  vestibular  system  operates  over  a  “hard¬ 
wired”  three-neuron  arc,  visual  experience  has  been  shown  to  have  a  powerful 
effect  in  adapting  or  even  in  reversing  the  vestibular-ocular  reflex.  Study  of  how 
and  where  adaptation  takes  place  might  be  expected  to  provide  insight  into  how 
vestibular  disease  might  be  treated  more  effectively.  It  should  also  lead  to 
determining  how  similar  learning  and  adaptation  take  place  in  other  areas  of  the 
nervous  system.  From  this  approach,  one  would  expect  to  develop  a  new 
pathophysiology  of  the  vestibular  system,  one  that  would  enable  us  to  evaluate 
dynamic  changes  in  the  VOR  and  account  for  effects  of  sensory  interaction, 
adaptation,  habituation,  and  the  ability  to  suppress  inappropriate  ocular 
responses.  Work  along  these  lines  has  come  from  a  number  of  laboratories,  but 
only  through  a  cooperative,  interdisciplinary  approach  can  new  physiologic 
findings  be  integrated  into  clinical  testing. 

These  and  similar  considerations  led  to  the  formulation  of  the  themes  of  this 
conference.  The  meeting  was  sponsored  by  the  Bariiny  Society  and  the  New  York 
Academy  of  Sciences.  The  Barany  Society  (named  in  honor  of  Robert  Barany)  is 
composed  of  clinical  and  experimental  scientists  who  have  a  common  interest  in 
studying  the  vestibular  and  oculomotor  systems.  Among  others,  the  members 
include  otolaryngologists,  neurologists,  anatomists,  physiologists,  psychologists, 
and  engineers.  The  society  exists  to  provide  a  forum  where  new  results  and 
common  problems  can  be  presented  and  discussed.  The  New  York  Academy  of 
Sciences  plays  an  important  role  in  the  scientific  community  by  supporting 
meetings  that  report  new  findings  in  active  and  expanding  fields.  It  was  a 
fortuitous  circumstance  that  brought  the  two  together  to  hold  this  meeting. 

I  would  like  to  thank  Ellen  Marks,  Renee  Wilkerson,  and  Erna  Levine  of  the 
New  York  Academy  of  Sciences  for  their  skilled  administration  and  guidance  of 
the  meeting  and  Bill  Boland  and  Sheila  Kates  for  preparation  of  the  book.  Special 
thanks  go  to  the  National  Institute  of  Neurological  and  Communicative  Disorders 
and  Stroke,  which  provided  major  support  for  the  meeting,  and  to  the  Air  Force 
Office  of  Scientific  Research,  the  National  Aeronautics  and  Space  Administra¬ 
tion,  and  the  Pfizer  Corporation,  which  provided  additional  funding.  Without 
their  generous  contributions,  the  meeting  would  not  have  been  possible.  I  am 
grateful  to  Drs.  Kenneth  Brookler,  cochairman.  Dr.  Victor  Wilson,  Pearl  Johnson, 
and  David  Borras,  who  helped  plan  and  arrange  the  meeting,  and  to  members  of 
the  Advisory  Committee,  Drs.  Robert  Baker,  Morris  B.  Bender,  Vianney  de  Jong, 
Volker  Henn,  Stephen  Highstein,  Harvey  Karten,  Theodore  Raphan,  Jun-Ichi 
Suzuki,  Takuya  Uemura,  Laurence  Young,  and  Victor  Wilson,  who  also  assisted 
in  selecting  the  papers.  Finally,  my  special  thanks  go  to  the  many  authors  who 
made  it  an  interesting  conference  and  contributed  the  excellent  papers  that  form 
this  volume.  The  field  has  made  enormous  strides  since  the  first  Oculomotor 
Symposium  was  held  at  Mount  Sinai  in  1961.  Based  on  this  performance,  we  look 
forward  to  the  next  20  years  with  anticipation  and  enthusiasm. 
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As  a  neurologist  I  find  myself  at  home  at  the  BdrSny  Society  meeting.  The 
society  was  founded  in  1960  by  Professors  Nylen  and  Hallpike,  with  the  aim  of 
promoting  contact  between  scientist  and  clinician  so  as  to  stimulate  otoneurologic 
research.  Barany  was  the  founder  of  neuro-otology,  or — as  Professor  Stahle 
called  it— otoneurology.  A  division  in  neuro-otology  was  established  by  Jones  at 
the  University  of  Pennsylvania  in  1918.  Robert  Barany,  a  Viennese  otologist  who 
lived  during  the  last  quarter  of  the  nineteenth  century  and  the  first  third  of  the 
twentieth  century,  must  have  been  influenced  by  such  scientists  as  Purkinje  and 
Flourens,  by  the  psychophysicist  Helmholtz,  by  physiologists — Breuer,  Ewald, 
and  Sherrington,  and  by  neuroanatomists,  such  as  Meynert,  Golgi,  and  Gajal.  In 
May  1905,  Barany  communicated  his  observations  on  caloric  nystagmus  to  the 
Austrian  Otologic  Society.  Thereafter,  there  was  a  phenomenal  development  of 
otology.  Barany  became  a  leading  aural  surgeon  and  authority  in  clinical 
disorders  of  labyrinthine  functions.  The  nystagmus  produced  following  injection 
of  warm  or  cold  water  into  the  external  auditory  meatus,  which  varied  with  the 
pathology  of  the  internal  ear,  became  known  as  BSrany’s  sign.  Nystagmus,  which 
has  been  associated  almost  entirely  with  congenital  or  early  acquired  optic 
defects  or,  in  an  indefinite  way,  with  lesions  of  the  inner  ear,  has  become  one  of 
the  most  important  aids  in  differential  diagnosis  for  the  otologist  and  even  more 
so  for  the  neurologist.  In  1906  Barany  advanced  a  theory  of  vestibular  nystagmus. 
He  received  the  Nobel  prize  in  medicine  in  1914  for  his  work  on  the  physiology 
and  pathology  of  the  vestibular  apparatus.  In  his  acceptance  of  this  prize,  he 
spoke  on  his  discovery  of  new  methods  for  functional  tests  of  the  vestibular 
apparatus  and  cerebellum.  He  noted  that  lesions  of  the  flocculus  resulted  in 
nystagmus.  Barony  also  studied  systematically  other  vestibular  reactions.  He 
provided  an  explanation  for  the  vestibular  phenomena  occurring  after  rotation, 
which  was  in  sharp  contrast  to  what  had  been  thought  in  previous  years.  Thus,  he 
established  the  clinical  and  physiological  importance  of  the  so-called  rotatory 
reaction.  He  also  studied  the  remaining  phenomena  of  the  vestibular  syndrome. 
Here  he  was  concerned  chiefly  with  developing  the  question  of  the  so-called 
vestibular  reaction  movements  and  vertigo.  BSr£ny’s  “pointing  test”  became  an 
integral  part  of  the  examination  methods  of  ear  and  nerve  specialists.  His 
investigations  of  the  neural  basis  for  nystagmus  must  have  influenced  Lorente  de 
N6’s  researches  on  the  neuronal  networks  within  the  pontine  reticular  forma¬ 
tion. 

With  the  introduction  of  techniques  for  recording  eye  movements  by  electro- 
nystagmography  in  1922,  research  in  this  field  expanded  rapidly  throughout  the 
world.  By  the  middle  of  the  twentieth  century,  various  monographs  and  symposia 
on  the  vestibulo-ocular  system  were  published.  After  the  first  symposium  on  the 
oculomotor  system  in  the  1960s,  research  investigations  and  publications  in 
neuroscience  accelerated.  At  present  it  almost  is  impossible  to  follow  or  digest 
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the  vast  information.  Anatomists,  physiologists,  pharmacologists,  chemists,  and 
immunologists  all  have  contributed  to  an  understanding  of  the  neural  basis  of 
vestibular  and  oculomotor  function. 

It  should  be  pointed  out  that  the  B4r£ny  Society  regularly  contributed  to  this 
growth.  Inspection  of  today’s  program  will  disclose  a  variety  of  topics  related  to 
the  vestibular  and  oculomotor  system.  Based  on  the  content  of  this  meeting,  one 
might  conclude  that  we  are  a  society  of  neuroscientists.  This  society  has  grown 
and  will  continue  to  grow,  as  evidenced  by  the  steadily  increasing  membership. 
There  is  a  need,  however,  for  someone  to  digest  and  synthesize  the  contents  of 
these  meetings,  particularly  the  electrophysiology  and  minute  anatomy  of  the 
various  geographic  boundaries  of  neuronal  aggregates,  or  assemblies  of  neurons 
acting  as  functional  units  in  behavior,  especially  the  vestibular  system,  which 
participates  in  almost  every  biologic  activity. 


DIRECTIONAL  SENSITIVITY  OF  INDIVIDUAL 
VERTEBRATE  HAIR  CELLS  TO  CONTROLLED 
DEFLECTION  OF  THEIR  HAIR  BUNDLES* 

S.  L.  ShotweJ],  R.  Jacobs,  and  A.  J.  Hudspethf 

Division  of  Biology 
California  Institute  of  Technology 
Pasadena,  California  91125 


Introduction 

Among  the  most  striking  and  consistent  morphological  features  of  vertebrate 
hair  cells  is  the  geometrical  arrangement  of  their  mechanosensitive  organelles, 
the  hair  bundles.  These  structures  each  consist  of  30-200  microvilluslike  stereo¬ 
cilia  and  a  single,  eccentrically  placed,  axonemal  kinocilium.  Three  geometrical 
features  of  hair  bundles  are  widespread,  if  not  universal.  First,  the  stereocilia  and 
kinocilium  are  inserted  into  the  cellular  apex  in  a  regular,  hexagonal  array. 
Second,  the  lengths  of  stereocilia  increase  monotonically  from  one  edge  of  the 
hair  bundle  to  the  other,  but  are  approximately  equal  within  a  row  of  stereocilia 
across  the  hair  bundle.  Finally,  the  kinocilium  is  located  at  the  edge  of  the  hair 
bundle  at  which  the  longest  stereocilia  occur.  Distortions  of  these  features  may 
occur;  for  example,  the  spacing  of  stereocilia  is  not  absolutely  uniform  in  some 
hair  cells,  but  varies  from  one  edge  of  the  hair  bundle  to  the  other.  Hair  bundles 
become  progressively  distorted  and  asymmetrical  as  the  apex  of  the  mammalian 
cochlea  is  approached.’  The  kinocilium,  although  present  in  ontogeny,  is  lost 
from  some  hair  cells  in  mammalian  cochleas.2  Even  in  these  exceptional  cases, 
however,  the  general  pattern  of  arrangement  of  the  hair  bundle  is  evident. 

A  consequence  of  this  organization  is  that  the  hair  bundle  possesses  a  plane  of 
mirror  symmetry.  This  plane  is  perpendicular  to  the  apical  surface  of  the  hair  cell 
and  runs  through  the  kinocilium  and  along  the  cell  from  the  edge  with  the  longest 
stereocilia  to  that  with  the  shortest.  It  is  parallel  with  one  of  the  three  axes  of 
hexagonal  symmetry  defined  by  the  insertions  of  the  stereocilia  and  kinocilium  at 
the  hair  cell's  apex.  Lowenstein  and  Wersfill  suggested  a  coincidence  of  the  plane 
of  symmetry  and  the  axis  of  sensitivity  of  hair  cells;3  movement  of  the  hair 
bundle’s  distal  tip  toward  the  kinocilium  was  found  to  produce  increased  firing 
in  the  eighth  nerve,  while  oppositely  directed  motion  inhibited  firing.  A  similar 
correspondence  was  found  during  extracellular  recordings  of  microphonic 
potentials  in  other  acousticolateralis  organs  in  which  the  orientation  of  stimula¬ 
tion  was  reasonably  well  known.4-5  Movement  of  the  hair  bundle’s  distal  tip 
toward  the  kinocilium  was  shown  by  intracellular  recordings6  to  produce  a 
depolarizing  receptor  potential,  while  opposite  movement  elicited  a  small  hyper¬ 
polarization.  The  response  of  hair  cells  to  stimuli  directed  at  various  angles  to  the 
plane  of  mirror  symmetry  was  inferred  from  microphonic  recordings  in  the 
lateral-line  organ;2  for  relatively  small  stimuli,  the  response  declined  from  its 

*This  research  was  supported  by  National  Institutes  of  Health  Grants  NS-13154  and 
GM-00086  and  by  funds  from  the  William  Randolph  Hearst,  Ann  Peppers,  and  Pew 
Foundations. 

fTo  whom  correspondence  should  be  addressed. 
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maximal  value  with  on-axis  stimulation  as  the  cosine  of  the  angle  by  which  the 
stimulus  orientation  deviated  from  that  axis. 

We  report  here  observations  on  the  directional  sensitivity  of  the  response  to 
hair  bundle  displacement.  Our  results  confirm  the  cosine  relationship  for 
responses  to  stimuli  of  small  amplitude  and  show  this  to  be  a  consequence  of  the 
hair  cell's  general  insensitivity  to  displacements  of  its  hair  bundle  perpendicular 
to  the  plane  of  symmetry. 


Materials  and  Methods 

All  experiments  were  performed  with  hair  cells  in  saccular  maculi  from 
bullfrogs  (Rana  catesbeiana)  of  both  sexes.  Organs  dissected  from  animals  90-150 
mm  in  snout-vent  length  were  maintained  at  pH  7.2-7. 3  in  a  saline  solution 
containing  113  mM  Na+,  2  mM  K+,  4  mM  Ca2*,  123  mM  Cl*,  3  mM  D-glucose, 
and  5  mM  N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic  acid.  The  otolithic 
membrane  overlying  the  hair  bundles  was  removed  by  dissection,  usually  after 
loosening  by  mild  proteolysis.®  Experiments  were  done  under  a  Zeiss  WL 
microscope  with  differential  interference  contrast  (Nomarski)  optics  and  at  a  total 
magnification  of  800  x.  Preparations  maintained  at  22  °C  in  room  air  yielded 
satisfactory  responses  for  at  least  four  hours. 

Mechanical  stimuli  were  usually  applied  directly  to  hair  bundles  by  fine  glass 
capillaries  slipped  over  their  distal  ends  (Figure  1).  Ideal  stimulus  probes  had 
inner  diameters  of  1. 5-2.5  inn  and  encompassed  the  most  distal  1-2  /im  of  the  hair 
bundles.  A  few  experiments  were  done  using  blunt,  adhesive  stimulus  probes 
attached  directly  to  kinocilia.9  This  method  produced  generally  similar  results. 
Probes  were  oriented  such  that  their  tips  moved  in  a  plane  parallel  with  the 
epithelium's  apical  surface.  They  were  displaced  with  micromanipulators 
consisting  of  two  perpendicularly  mounted  piezoelectric  bimorph  elements 
linked  by  balsa-wood  struts.10  The  axis  along  which  a  probe  moved  could  be 
continuously  varied  through  360°  by  control  of  the  fraction  of  the  stimulus 
voltage  applied  to  each  of  the  bimorphs.  Stimulus  amplitudes  were  calibrated 
against  an  eyepiece  micrometer;  stroboscopic  illumination  was  sometimes 
employed  to  sharpen  the  image  of  an  oscillating  stimulus  probe.  For  amplitudes 
up  to  ±4  /«m  and  within  an  observational  uncertainty  of  about  ±0.1  Mm,  the 
stimulus  amplitude  was  found  to  vary  linearly  with  the  driving  voltage  and  to  be 
independent  of  angular  orientation.  With  the  optical  system  employed,  the 
angular  orientations  of  stimuli  with  respect  to  the  planes  of  symmetry  of  hair  cells 
could  be  estimated  to  about  ±5°.  The  data  presented  herein  were  taken  using 
static  displacements  and  10-Hz,  triangle-waveform  oscillatory  stimuli. 

Intracellular  recordings  were  made  with  3  M  KCl-filled  microelectodes 
approximately  250  MU  in  resistance.  The  electrodes  were  bent”  to  allow  their 
introduction  under  the  short-working-distanceT^Ox,  water-immersion  objective 
lens.  Cells  from  which  data  were  analyzed  had  resting  potentials  of  -45  to  -60 
mV  that  were  stable  for  at  least  10  minutes;  receptor  potentials  elicited  by 
saturating  stimuli  were  5-24  mV  in  peak-to-peak  amplitude.  Data  taken  from  a 
total  of  51  hair  cells  in  13  animals  were  stored  with  an  FM  tape  recorder.  The 
records  shown  in  Figures  3,  4,  5,  and  7  each  represent  averages  of  8-32 
consecutive  responses.  The  sensitivities  of  hair  cells  to  various  stimuli  were 
determined  by  plotting  each  receptor  potential  against  the  deflection  producing  it 
and  measuring  the  greatest  slope  of  the  resultant  curve. 
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Figure  1.  Scanning  electron  micrograph  of  the  apical  surface  of  a  bullfrog’s  saccular 
epithelium.  The  hair  bundles  of  several  hair  cells  are  shown,  one  of  which  is  engaged  by  a 
capillary-type  stimulus  probe  about  2  nm  in  internal  diameter.  The  supporting  cells 
between  the  hair  cells  are  overlain  by  matted  remnants  of  the  otolithic  membrane  in  this 
preparation,  which  was  not  subjected  to  proteolytic  digestion.  x2300. 


In  order  to  describe  the  responses  of  hair  cells  to  various  stimuli  and  to 
investigate  the  geometrical  arrangement  of  their  hair  bundles,  it  is  convenient  to 
define  a  coordinate  system  in  which  stimuli  occur  (Figure  2).  Because  every 
vertebrate  hair  cell  ordinarily  possesses  only  one  kinocilium  (or  its  remnant  after 
regression),  a  convenient  and  unambiguous  origin  for  the  coordinate  system  is  the 
site  of  insertion  of  the  kinocilium  into  the  apical  cellular  surface.  The  x-axis  of 
the  coordinate  system  runs  along  the  hair  cell’s  apical  surface  in  the  plane  of 
mirror  symmetry  of  the  cell;  the  positive  x-direction  (in  Cartesian  coordinates)  or 
0°  (in  polar  coordinates)  is  that  in  which  the  kinocilium  stands  with  respect  to  the 
rest  of  the  hair  bundle.  This  polarity  convention  accords  with  that  of  other 
investigators.7  The  y-axis  lies  within  the  plane  of  the  cellular  apex  and  perpen- 
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Figure  2.  A  scanning  electron  micrograph  of  the  hair  bundle  on  the  apical  surface  of  a 
large  hair  cell.  Note  that  the  stereocilia  grow  progressively  longer  from  the  left  edge  of  the 
hair  bundle  to  the  right  extreme,  at  which  the  kinocilium  occurs.  The  superimposed  lines 
represent  the  x-axis  (0°),  which  lies  at  the  intersection  of  the  plane  of  mirror  symmetry  of 
the  cell  and  the  plane  of  the  apical  epithelial  surface,  and  the  y-axis  (90°),  which  runs 
perpendicular  to  the  x-axis  and  within  the  plane  of  the  epithelial  surface.  The  origin  of  the 
coordinate  system  is  at  the  kinocilium's  base;  the  z-axis  runs  through  this  origin  and 
perpendicular  to  the  cell’s  surface.  Arrows  emanating  from  the  bulbous  tip  of  the 
kinocilium  represent  positive  and  negative  deflections  parallel  with  the  x-  and  y-axes.  The 
otolithic  membrane  was  removed  from  this  preparation  by  proteolytic  digestion.  x9000. 


dicular  to  the  x-axis;  by  the  standard  Cartesian-to-polar  transformation,  the 
positive  y-axis  corresponds  to  90°.  The  z-axis  is  perpendicular  to  the  other  axes, 
and  the  positive  z-direction  is  from  the  base  toward  the  apex  of  the  hair  bundle. 

The  distal  end  of  the  hair  bundle,  at  which  stimuli  are  applied,  is  conve¬ 
niently  described  during  experiments  by  the  position  of  the  kinocilium’s  bulbous 
tip.  For  large  hair  cells  in  the  bullfrog’s  sacculus,  the  center  of  this  bulb  lies  about 
6.9  pm  above  the  epithelial  surface  and  approximately  1.2  pm  in  the  negative 
x-direction.  Since  the  stereocilia  and  kinocilium  are  rather  stiff  elements  that 
pivot  near  their  basal  insertions,  the  tip  of  each  process  actually  sweeps  through 
an  arc  as  the  hair  bundle  is  deflected.  The  amplitudes  of  the  stimuli  employed  in 
the  present  study— less  than  1.5  pm  along  any  axis— involve  motions  of  the 
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kinocilium  through  an  angular  range  of  under  ±12°.  The  height  of  the  kinociliary 
bulb  above  the  epithelial  surface  therefore  changes  by  only  0.1  fim,  or  under  2%, 
for  the  largest  stimuli;  the  motion  of  the  hair  bundle’s  distal  tip  thus  essentially 
lies  within  a  plane. 

Sacculi  destined  for  histological  study  were  dissected,  mounted,  and  main¬ 
tained  as  those  used  in  electrophysiology.  They  were  then  fixed  for  60  minutes  at 
4°C  in  40  mM  0s04  and  10  mM  CaCl2  buffered  to  pH  7.3  with  80  mM  sodium 
cacodylate*  After  dehydration  in  ethanol,  critical-point  drying  from  liquid  C02, 
and  gold  sputter-coating,  specimens  were  observed  and  photographed  in  a 
scanning  electron  microscope  operated  at  20  keV. 


Results 

Deflection  of  the  distal  tip  of  a  hair  bundle  within  the  hair  cell’s  plane  of 
mirror  symmetry  produces  receptor  potentials  of  a  form  reported  previously6 
(Figure  3).  Motion  in  the  positive  x-direction  produces  a  depolarization  whose 
amplitude  is  graded  with  stimulus  strength  and  reaches  4-20  mV.  Deflection  in 
the  negative  x-direction  yields  a  graded  hyperpolarization  of  about  one-fifth  this 
amplitude.  Much  of  the  variability  in  the  peak  amplitude  of  responses  from  cell 
to  cell  stems  from  damage  sustained  upon  microelectrode  penetration;  hair  cells 
studied  with  favorable  electrodes  consistently  yield  responses  about  15  mV  in 
peak-to-peak  amplitude.  Moreover,  the  displacement-response  curve,  which 
relates  the  instantaneous  receptor  potential  with  stimulus  probe  position,  is 
highly  consistent  from  cell  to  cell.  This  relationship  is  roughly  sigmoidal,  with  the 
displacements  encompassing  90%  of  the  full  response  range  characteristically 
separated  by  about  0.3  nm. 

Stimulation  parallel  with  the  y-axis,  at  90°  to  the  hair  cell’s  plane  of  mirror 
symmetry,  produces  little  or  no  receptor  potential  (FIGURE  3).  If  the  hair  bundle  is 


Figure  3.  Averaged  intracellular  potentials  from  a  hair  cell  stimulated  by  deflections  of 
its  hair  bundle  parallel  with  the  x-axis  (0°)  and  perpendicular  to  it  (90“).  The  former  yield 
responses  that  saturate  in  both  the  depolarizing  and  hyperpolarizing  directions;  the  latter, 
no  significant  receptor  potential.  The  responses  have  been  vertically  offset  for  clarity.  A 
schematic  representation  of  stimulus  motion  with  respect  to  the  hair  bundle’s  orientation  is 
shown  at  the  lower  right  of  this  and  of  most  subsequent  figures.  The  peak-to-peak 
amplitude  of  the  10-Hz,  triangle-waveform  stimulus  is  0.6  Mm. 
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Figure  4.  Intracellular  responses  from  a  cell  whose  hair  bundle  is  moved  parallel  with 
the  x-axis  by  the  amounts  indicated  to  the  left  of  the  responses,  then  held  there  while  an 
oscillatory  stimulus  parallel  with  the  y-axis  is  applied.  The  static  deflections  along  the 
x-axis  produce  receptor  potentials  manifested  by  the  offsets  among  the  responses  and 
totaling  13  mV.  Movement  of  the  hair  bundle  parallel  with  the  y-axis  by  ±0.5  /t m  produces 
little  (lower  traces)  or  no  response. 


Figure  5.  Receptor  potentials  elicited  by  0.5-Mm  (peak-to-peak)  stimuli  directed  at 
various  angles  with  respect  to  the  x-axis  (0°).  The  traces  have  been  vertically  displaced  for 
clarity.  Note  that  both  the  peak  response  amplitude  and  the  sensitivity  of  the  cell,  or 
greatest  slope  of  the  receptor-potential  trace,  decline  from  a  maximum  for  stimulation 
parallel  with  the  x-axis  to  zero  at  90°  to  it. 
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pushed  some  distance  in  the  positive  x-direction  and  held  there,  a  depolarizing 
receptor  potential  arises,  then  declines  to  a  steady-state  level  after  an  adaptation 
process  lasting  a  few  hundred  milliseconds.12  If  back-and-forth  motion  of  the  hair 
bundle  parallel  to  the  y-axis  is  now  added  to  the  sustained  deflection,  little 
additional  response  occurs  (Figure  4).  An  analogous  result  ensues  if  a  cell's  hair 
bundle  is  first  deflected  in  the  negative  x-direction,  then  stimulated  parallel  to 
the  y-axis. 

A  small  receptor  potential  at  twice  the  stimulus  frequency  occasionally  occurs 
in  response  to  stimulation  parallel  with  the  y-axis  (Figure  4,  — 0.5-/im  trace).  This 
is  seen  frequently  when  a  derivatized  glass  probe  is  used  to  move  the  hair 
bundle,  but  rarely  when  the  bundle  is  displaced  with  a  hollow  capillary  tube 


Figure  6.  Plot  of  the  sensitivities  of  hair  cells  to  stimulation  at  various  angles  with  respect 
to  the  plane  of  cellular  mirror  symmetry.  For  comparison  among  five  cells  (different 
symbols),  the  largest  sensitivity  of  each  cell  has  been  normalized  to  unity,  and  other 
sensitivities  are  expressed  as  a  fraction  of  this  value.  The  continuous  curve  is  the  cosine  of 
the  angle  by  which  stimuli  differ  from  parallel  with  the  cells’  x-axes. 


engaging  the  hair  bundle’s  tip.  Visual  observation  suggests  that  the  hair  bundle 
twists  slightly  about  the  vertical  (z)  axis  when  the  bulbous  tip  of  the  kinocilium  is 
pulled  sideways  by  an  adhesive  probe.  The  component  of  motion  along  the  x-axis 
could  elicit  a  receptor  potential,  and  should  do  so  for  movements  in  either 
direction,  resulting  in  small  responses  at  twice  the  stimulus  frequency.  Capillary 
stimulus  probes,  which  apply  force  to  a  broad  surface  on  the  side  of  the  hair 
bundle  when  driven  parallel  with  the  y-axis,  presumably  produce  less  torque 
than  do  adhesive  probes,  and  accordingly  seldom  induce  responses. 

As  the  orientation  of  stimulus  motion  is  varied  from  parallel  with  the  x-axis  to 
perpendicular  to  the  x-axis,  the  amplitude  of  the  receptor  potential  declines 
continuously  from  its  maximum  to  essentially  zero  (Figure  5).  At  the  same  time, 
the  sensitivity  of  the  cell,  measured  as  the  greatest  slope  of  the  displacement- 
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response  curve,  declines  from  a  maximum  to  a  minimum.  A  plot  of  this  slope 
(Figure  6)  indicates  that  sensitivity  decreases  roughly  as  the  cosine  of  the  angle 
by  which  the  stimulus  orientation  deviates  from  the  x-axis. 

The  shape  of  the  displacement-response  curve  is  little  affected  by  movements 
of  the  hair  bundle  perpendicular  to  the  x-axis  (Figure  7).  The  receptor  potential 


Figure  7.  A  family  of  displacement-response  curves  from  a  cell  whose  hair  bundle  is 
statically  displaced  by  the  various  distances  indicated  parallel  with  the  y-axis,  then 
oscillated  back  and  forth  through  0.8  jim  parallel  with  the  x-axis.  The  rhomboid  at  the  lower 
center  of  the  figure  represents  the  rest  position  of  the  kinociliary  bulb  before  stimuli  are 
applied.  Note  that  the  displacement-response  relationships  for  stimulation  parallel  with  the 
x-axis  are  similar  to  one  another  despite  the  fact  that  the  distal  end  of  the  hair  bundle  is 
bent  by  as  much  as  11°  to  the  side,  parallel  with  the  y-axis. 


evoked  by  an  oscillatory  stimulus  parallel  with  the  x-axis  is  unaltered  by 
additional,  static  displacements  in  either  direction  parallel  with  the  y-axis. 


Discussion 

The  relationship  between  the  displacement  of  the  tip  of  a  hair  bundle  and  the 
cellular  receptor  potential  is  largely  described  by  Figure  7.  The  result  shown  in 
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this  figure  is  implicit  in  the  data  of  Figures  4  and  5:  a  similar  displacement- 
response  surface  is  defined  by  appropriate  combinations  of  static  and/or  oscilla¬ 
tory  stimuli  along  the  x-  and  y-axes.  Within  the  range  of  amplitudes  tested, 
stimuli  parallel  with  the  x-axis  produce  displacement-response  curves  of  similar 
amplitudes  and  slopes.  Stimulation  parallel  with  the  y-axis  has  little  or  no  effect 
on  the  response. 

The  portion  of  the  displacement-response  surface  near  the  rest  position  of  the 
kinociliary  bulb  (rhomboid  in  Figure  7)  is  essentially  a  flat  sheet  of  constant 
slope.  Stimuli  confined  to  this  region  would  be  expected  to  yield  responses  whose 
amplitudes  scale  with  the  cosine  of  the  angular  deviation  of  the  stimulus  from 
parallel  with  the  x-axis,  in  agreement  with  a  previous  study  on  the  microphonic 
response  of  a  lateral-line  organ.7  For  stimuli  of  all  sizes,  even  those  producing 
saturation  of  the  response,  the  greatest  slope  of  the  displacement-response  curve 
should  respect  a  cosine  relationship  with  angular  orientation;  this  prediction  is 
supported  by  the  data  of  Figure  6. 

It  should  be  noted  that  several  factors  act  to  make  the  apparent  sensitivity  of 
the  hair  cell— the  slope  of  the  displacement-response  surface  of  Figure  7— less 
than  it  actually  is.  Since  the  time  constant  of  bullfrog  hair  cells  is  about  10 
mseconds  in  the  present  recording  circumstances,  responses  to  10-Hz  stimuli  are 
significantly  delayed  and  broadened.  An  adaptation  process  in  the  transduction 
mechanism12  operates  rapidly  enough  to  diminish  the  size  of  responses.  The 
coupling  between  stimulus  probes  and  hair  bundles  is  not  perfect  and  doubt¬ 
lessly  exhibits  some  hysteresis  between  opposite  phases  of  stimulation.  Stimuli  of 
saturating  intensity  significantly  fatigue  the  transduction  process.  Finally,  slow 
drift  in  the  position  of  the  stimulus  probe  and  in  the  timing  of  the  stimulating  and 
recording  apparatus  acts  to  broaden  the  averaged  receptor  potentials  displayed 
in  the  figures. 

The  present  results  demonstrate  that  vertebrate  hair  cells  are  not  only  very 
sensitive  to  displacement  of  their  hair  bundles  within  the  plane  of  mirror 
symmetry,  but  also  remarkably  insensitive  to  stimulation  orthogonal  to  this  plane. 
The  morphological  feature  of  the  hair  bundle  most  conspicuously  aligned  with 
the  cell’s  axis  of  sensitivity,  the  kinocilium,  is  not  itself  the  source  of  the  receptor 
potential.9  Since  the  individual  stereocilia  appear  to  lack  any  structural  element 
of  polarization  along  the  axis  of  sensitivity,  it  seems  most  likely  that  it  is  the 
tapered  array  of  stereocilia  of  differing  heights  that  confers  directional  sensitivity 
upon  the  hair  bundle.  Whether  this  comes  about  through  the  mechanics  by  which 
forces  are  transmitted  to  a  transducer  located  at  the  cellular  apex,  or  by 
interactions  among  the  distal  ends  of  the  tapered  stereocilia  themselves,  remains 
to  be  determined. 
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Introduction 

Guild’s  original  concept  of  endolymph  flowing  from  the  cochlea  through  the 
reunion  duct  into  the  saccule,  thence  out  to  the  endolymphatic  duct  and  sac  for 
reabsorption,  is  still  supported  by  several  recent  investigations.1"7 

The  mechanisms  underlying  this  “longitudinal”  flow  of  endolymph  towards 
the  sac  and  the  transport  across  the  epithelial  membrane  are  still  obscure. 

We  focused  our  interest  on  the  narrow  epithelial  pathway  connecting  the 
endolymphatic  sac  with  the  rest  of  the  membranous  labyrinth,  the  endolymphatic 
duct.  It  is  a  small  tubule  lined  by  a  single-layered  epithelium  where  individual 
cells  appear  to  be  sealed  together  by  fairly  shallow  intercellular  junctions.  The 
epithelium  is  encompassed  by  a  wide  zone  of  loose  vascular  tissue  incorporating 
a  lymphatic  vascular  network.  No  details  of  the  ultrastructural  anatomy  of  the 
endolymphatic  duct  will  be  given  here,  as  they  are  already  on  record.® 

In  this  investigation,  we  used  ionic  lanthanum  as  a  tracer  in  order  to  provide 
morphological  evidence  of  an  intercellular  (or  paracellular)  fluid  pathway 
between  cells  lining  the  endolymphatic  duct  in  the  guinea  pig. 

The  tracer  was  introduced  into  the  scala  media  of  the  cochlea  in  small, 
controlled  amounts.  After  various  intervals,  the  endolymphatic  duct  and  sac 
were  investigated  ultrastructurally  in  order  to  trace  the  lanthanum. 


Materials  and  Methods 

Five  pigmented,  healthy  guinea  pigs  (400-600  g)  were  anesthetized  with 
neurolept  anesthesia.9  The  animals  were  mounted  on  rigid  ear  bars.  The  bulla 
and  the  round  window  were  exposed  through  a  dorsolateral  approach.  A  glass 
micropipette  with  a  beveled  tip  (diameter  15  ±  3  pm)  was  filled  with  a  solution  of 
4%  (0.092  M)  lanthanum  nitrate  (La(N03j  •  6H2Oj  in  140  mmol  KCI,  which  gave 
520  mosm,  pH  4.6.  At  this  pH,  most  of  the  lanthanum  is  in  the  form  of  ionic  La3'’. 

The  micropipette  was  fitted  to  a  10-pl  Hamilton  syringe  by  a  polyethylene 
tube.  An  Ag-AgCl  electrode  was  inserted  in  the  lumen  of  the  micropipette.  With  a 
micromanipulator  (Narishige),  the  micropipette  was  inserted  through  the  round 
window  and  the  basilar  membrane  into  the  scala  media.  The  position  of  the  tip  of 
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Figure  1.  A  section  of  the  apical  cytoplasm  of  epithelial  cells  in  the  proximal  portion  of 
the  endolymphatic  duct  (ED)  in  a  guinea  pig  27  hours  after  lanthanum  injection.  A  small 
deposit  of  electron-dense  precipitate  is  observed  at  the  level  of  the  intercellular  tight 
junction  (T|).  Arrows  indicate  intercellular  deposits  of  precipitate  that  appear  to  have 
passed  the  junctional  complex.  Inset:  the  junctional  region  at  double  magnification, 
sectioned  about  0.1  nm  deeper. 


the  micropipette  was  followed  by  monitoring  the  d.c.  potential  difference 
between  the  electrode  and  the  neck  reference  electrode  (Dual  Electrometer 
F223A,  W-P  Instruments  Inc.).  The  first  large  negative  potential  (-60  to  -80  mV) 
indicated  entry  into  the  organ  of  Corti.  Appearance  of  the  large  +80  to  +100-mV 
endocochlear  potential  proved  penetration  of  the  scala  media.10 

In  the  scala  media,  1  /d  of  the  lanthanum  solution  was  injected  during  10 
minutes  with  a  Sage  syringe  pump.  The  micropipette  was  withdrawn,  and  the 
skin  overlying  the  bulla  sutured.  The  animals  were  allowed  to  recover  for  27,  41, 
66,  88,  and  106  hours  respectively. 

The  animals  were  then  anesthetized,  and  intraaortic  perfusion  performed 
using  a  solution  containing  2.5%  glutaraldehyde  and  1%  formaldehyde  in  0.1  M 
Sorensen’s  phosphate  buffer,  pH  7.2-7.4.  The  temporal  bones  of  the  injected  ear, 
with  the  opposite  ear  serving  as  control,  were  decalcified  in  0.1  M  Na-EDTAj:  in 
2.5%  glutaraldehyde  for  10  days.  The  specimens  were  postfixed  in  1%  osmium 
tetroxide  and  stained  en  bloc  overnight  in  50%  ethanol  containing  2%  uranyl 

$EDTA  is  ethylenediaminetetraacetic  acid. 
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acetate.  Epon  812  was  the  embedding  agent.  The  endolymphatic  duct  was 
cross-sected  at  different  levels,  and  thin  sections  analyzed  in  a  [EOL  100-8 
electron  microscope. 


Results 

Electron-opaque  precipitates  could  be  observed  at  the  level  of  the  tight 
junctional  complexes  between  epithelial  cells  lining  the  endolymphatic  duct  in 
all  the  injected  ears. 

After  27  hours,  precipitates  were  usually  seen  accumulating  on  the  membra¬ 
nous  duct  on  the  intercellular  junctional  complex  (Figure  1).  Deposits  were  also 
found  in  the  depths  of  the  intercellular  clefts,  especially  where  this  space  was 
narrow,  whereas  no  precipitate  was  observed  in  the  dilated  regions.  Intercellular 
precipitates  were  observed  from  the  sinus  portion  to  the  mid-portion  of  the 
intraosseous  duct.  Intracellular  deposits  were  also  found  in  the  epithelium  and  in 
a  few  of  the  free  cells  of  the  periductal  connective  tissue. 

After  41  hours,  intercellular  deposits  of  precipitate  appeared  along  the  entire 
duct.  At  this  stage  it  seemed  to  have  reached  the  sac,  as  many  of  the  freely 
floating  cells  showed  intracytoplasmic  bodies  containing  electron-dense  materi¬ 
al.  No  intercellular  precipitate  was  discerned  in  any  portion  of  the  sac. 

After  81  hours,  every  second  or  third  intercellular  space  was  filled  throughout 
with  precipitate  (Figure  2).  A  surprising  feature  was  the  absence  of  dilated 


Figure  2.  Epithelial  cells  of  the 
endolymphatic  duct  (ED)  close  to 
the  proximal  portion  of  the  sac. 
Fixation  41  hours  after  lan¬ 
thanum  injection.  Precipitate 
stains  all  intercellular  spaces 
down  to  a  poorly  visible  base¬ 
ment  membrane. 
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intercellular  spaces.  These  are  normally  found  between  epithelial  cells  in  the 
distal  portion  of  the  endolymphatic  duct  in  the  guinea  pig.  Already  after  27  hours, 
some  collapse  of  the  intercellular  spaces  apparently  had  occurred.  In  all  control 
ears,  these  spaces  presented  the  normal  dilated  appearance. 

After  81  hours,  the  electron -dense  substance  could  be  localized  as  free 
particles  in  the  periductal  connective  tissue  (Figure  3).  At  this  time,  precipitate 
had  accumulated  around  the  periductal  capillaries.  A  dark  zone  of  precipitate 
often  interdigitated  the  endothelial  cells,  as  well  as  the  pericyte  and  the  endothe¬ 
lial  cell  (Figure  4).  The  interendothelial  space  was  filled  with  electron-dense 
material  to  the  level  of  the  tight  junctional  elements  and  not  infrequently  beyond. 
Abluminal  micropinocytotic  vesicles  of  the  capillaries  were  filled  with  precipi¬ 
tate,  presumably  indicating  transcellular  transport. 

No  precipitate  was  found  between  epithelial  cells  at  the  intermediate  portion 
of  the  endolymphatic  sac.  Both  epithelial  cells  and  freely  floating  cells  in  the  sac 
frequently  displayed  intracytoplasmic  aggregates  of  precipitate  (Figure  5).  In  the 
perisaccular  tissue,  no  free  deposits — only  cellular — were  observed. 

No  precipitate  could  be  perceived  in  the  utricle,  common  crus,  or  utricular 
duct.  The  basal  coil  of  the  cochlea  was  also  sectioned  near  the  place  of  injection. 
Apart  from  intrajunctional  precipitate  between  a  few  cells  of  Reissner’s 
membrane,  no  deposits  could  be  seen  in  the  epithelium  or  sensory  region  of  the 
scala  media.  In  the  saccular  membrane  of  the  nonsensory  region,  precipitate 
appeared  to  have  passed  the  epithelium  at  some  points,  as  it  could  be  observed 
locally  in  the  subepithelial  connective  tissue.  Some  of  these  deposits  seemingly 


Figure  3.  The  same  region  as  in  Figure  2  41  hours  after  La9*  injection.  Note  precipitate 
also  at  the  subepithelial  region.  Luminal  cell  is  a  macrophage. 
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Figure  4.  A  periductal  capillary  (cap) 
close  to  the  bony  aqueduct  84  hours  after 
La3*  injection.  There  is  a  dark  zone  of 
precipitate  around  the  abluminal  surface 
of  the  vessel  (top).  Higher  magnification 
demonstrates  precipitate  between  the 
endothelial  cells  and  in  a  small  pinocy- 
totic  vesicle.  Note  also  a  fine  layer  of  dark 
precipitate  on  the  luminal  surface  (bottom 
left)  as  well  as  an  intercellular  deposit 
(bottom  right). 


crossed  the  epithelium  through  pinocytosis,  for  the  basal  region  of  the  epithelial 
cells  presented  pinocytotic  vesicles  containing  characteristic  electron-dense 
material.  Moreover,  the  basement  membrane  of  the  epithelium  here  appeared 
more  compact,  possibly  indicating  a  certain  binding  of  the  material  to  this 
structure.  It  should  be  pointed  out  that  all  areas  of  the  membranous  labyrinth 
have  not  yet  been  evaluated  systematically  and  in  detail. 
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Figure  5.  Apical  cytoplasm  of  epithelial  cells  in  the  endolymphatic  sac  106  hours  after 
La1*  injection  (intermediate  portion).  No  intercellular  deposits  are  visible,  but  the  epithelial 
cells  demonstrate  intracellular  membrane-bound  structures  filled  with  concentrated  mate¬ 
rial,  apparently  lanthanum  (arrows). 


Discussion 

In  many  transporting  epithelia,  it  has  recently  become  apparent  that  the 
permeability  that  influences  the  movement  of  ions  and  water  is  largely  depen¬ 
dent  on  the  structural  characteristics  of  the  zonulae  occludentes  (or  tight 
junctions)  that  seal  adjacent  cells.  Epithelia  with  less  developed  tight  junctional 
regions  often  show  a  higher  permeability  for  water  and  ions  (so-called  leaky 
epithelia)  than  do  epithelia  with  tighter  junctions.”12  According  to  Diamond  and 
Frflmter,  the  tight  junctions  may  provide  the  main  route  for  passive  ion  perme¬ 
ation  in  some  epithelia.15 

Lanthanum  (La5+)  has  been  used  elsewhere  in  the  body  and  proved  to 
penetrate  intercellular  junctions  of  epithelia  that  by  physiological  criteria  are 
demonstrably  “leaky,"  whereas  those  junctions  of  epithelia  that  seem  “tight” 
remain  impervious.14"1* 

Morphological  studies  of  the  epithelium  of  the  endolymphatic  duct  in  the 
guinea  pig  reveal  a  few  intercellular  junctional  strands,  suggestive  of  a  “leaky" 
epithelium.'  However,  in  the  endolymphatic  sac,  the  number  of  junctional 
strands  increases  distally,  indicating  a  more  pronounced  tightness.19 

The  early  findings  of  lanthanum  in  the  junctional  complex  and  later  in  the 
subepithelial  space  of  the  endolymphatic  duct  corroborate  that  this  epithelium  is 
leaky. 

The  unexpected  finding  that  no  lanthanum  appeared  between  cells  in  the 
endolymphatic  sac  may  indicate  greater  resistance  to  fluid  diffusion  across  this 
epithelium  than  in  the  duct. 

Several  tracer  studies  have  been  performed  in  order  to  study  the  endolymph 
circulation  in  the  labyrinth,  with  special  reference  to  the  endolymphatic 
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sac.1'2-4-*-20-21  The  tracers  used  (potassium  ferrocyanide,  ferritin,  colloidal  silver, 
trypan  blue,  horseradish-peroxidase)  are  fairly  large  molecules  or  particles,  and 
in  general  the  quantity  injected  was  considerable.  Rudert  used  ferritin  and  was 
able  to  trace  it  in  the  lumen  of  the  endolymphatic  sac  but  could  not  find  it  beyond 
the  level  of  intercellular  junctions.'  In  the  present  study,  we  chose  lanthanum— a 
small  ion  little  larger  than  the  sodium  ion— as  a  tracer  that  had  proved  in  several 
investigations  to  pass  the  level  of  intercellular  tight  junctions  in  a  number  of 
epithelial  membranes.  The  volume  injected  in  the  present  study  was  1  mI  which 
is  a  fraction  of  the  total  volume  of  the  endolymphatic  space.  It  is  probable  that  the 
injection  creates  a  certain  increase  in  endolymphatic  pressure,  for  which  reason 
we  protracted  the  injection  for  10  minutes. 

In  future  experiments,  we  hope  to  execute  simultaneous  measurements  of  the 
endolymphatic  pressure  in  order  to  control  the  injection  rate.  A  major  disadvan- 
j.  tage  with  lanthanum  as  a  tracer  consists  of  its  ability  to  displace  Ca2+  from  its 

|  binding  sites  on  the  cellular  membrane.  Such  a  displacement  may  in  turn  lead  to 

|  changes  in  the  permeability  of  the  membranes  and  the  tight  junctions.  It  is 

!  possible  that  lanthanum  causes  leakage  of  tight  j  unctions  via  chemical  interaction 

l  with  the  cellular  membrane.  This  must  be  borne  in  mind  when  drawing 

f  conclusions  on  the  permeability  of  membranes.  However,  Tisher  and  Yarger 

conclude  that  lanthanum  permeability  of  the  tight  junctions  in  the  distal  and 
convoluted  tubuli  of  the  kidney  provides  morphological  evidence  for  the  exis¬ 
tence  of  a  paracellular  shunt  pathway  for  ion  and  water  movement.17 

judging  by  morphological  observations  and  lanthanum  experiments,  we 
suggest  a  model  for  the  resorption  of  endolymph  in  guinea  pigs.  We  hereby 
consider  the  endolymphatic  duct  to  be  involved  in  transepithelial  transport  of 
water  and  solvents,  while  the  sac  is  thought  to  be  occupied  chiefly  in  a  cellular 
breakdown  of  high  molecular  and  particulate  substances  (Figure  6). 

The  concentration  of  K+  in  the  endolymph  of  the  cochlea  and  vestibule  is 
stated  at  about  140  mmol/1.  On  the  other  hand,  the  measured  concentration  of  K+ 
in  the  saccus  lumen  of  the  guinea  pig  is  about  16  mmol/1.22  The  reverse  situation 
prevails  in  these  spaces  considering  the  Na+  concentration,  namely,  a  low  Naf 
concentration  in  the  endolymph  of  the  cochlea  (2-4  mmol/1),  whereas  the 
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Figure  6.  Schematic  drawing  demonstrating  the  proposed  function  of  the  endolymphatic 
duct  in  the  guinea  pig.  Endolymph  entering  the  duct  (right)  has  a  high  content  of  potassium 
and  a  low  content  of  sodium.  Due  to  the  leaky  character  of  the  epithelium,  potassium  and 
sodium  are  equilibrated  with  the  ion  content  of  the  periductal  extracellular  tissue  fluid.  The 
surrounding  lymphatics  and  veins  create  suitable  conditions  for  reabsorption  of  water  and 
ions  into  the  vascular  system.  Hence,  endolymph  reaching  the  sac  is  extracellularlike  with 
regard  to  sodium  and  potassium  content.  It  is  mainly  composed  of  high  molecular  and 
particulate  substances,  which  are  phagocytosed  by  intra saccular  and  epithelial  cells. 
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concentration  in  the  sac  is  about  150  mmol/1.23  This  shift  of  electrolytes  is  thought 
to  occur  across  the  epithelial  sac. 

The  “leaky”  character  of  the  ductal  epithelium  would  not  seem  to  be  able  to 
resist  the  passive  diffusion  of  electrolytes,  as  the  tight  junctions  are  shallow. 
Furthermore,  a  wide  zone  of  loose  "waterlike”  subepithelial  tissue  surrounds  the 
duct,  and  the  arrangement  of  lymph  and  blood  capillaries  apparently  anasto¬ 
moses  with  the  vein  of  the  vestibular  adqueduct.  Finally,  injected  lanthanum 
showed  selective  permeability  of  the  duct  but  not  of  the  epithelial  sac. 

We  therefore  consider  the  endolymphatic  duct  (and  possibly  the  proximal  sac) 
to  be  an  important  region  for  the  reabsorption  of  water  and  ions  and  conse¬ 
quently  also  essential  for  the  regulation  of  inner  ear  fluid  homeostasis. 
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Introduction 

Our  question  here  has  a  long  history  and  arises  from  the  following  type  of 
observation:  when  a  rabbit  is  oscillated  about  the  naso-occipital  (roll)  axis,  the 
compensatory  eye  movements  are  vertical,  but  when  a  human  is  oscillated  about 
the  same  axis,  the  compensatory  eye  movements  are  torsional.  What  is  the  basis 
of  such  differences  in  compensatory  eye  movements  among  vertebrates  with 
differing  interocular  angles?  While  the  existence  of  these  appropriate  behavioral 
differences  is  commonly  known,  the  origin  of  these  differences  is,  currently, 
commonly  unknown,  as  a  search  of  the  contemporary  literature  attests.7’5374351 
This  is  regrettable  oiilisequent  to  arriving  at  our  answer  to  the  question  posed 
above,  we  found  that  Ohm,  in  a  rarely  referenced  1919  paper,  had  arrived  at  the 
same  answer. 1  'Vie  results  reported  here  confirm  and  extend  Ohm’s  lucid  and 
accurate  study,  which  had  been  “lost”  to  modern  investigators  of  the  vestibulo- 
ocular  reflexes. 

To  answer  the  question  of  what  underlies  the  differences  in  compensatory 
eye  movements  among  animals  with  different  interocular  angles,  one  must 
consider  the  physiological  relations  between  the  vestibular  labyrinth  and  the 
extraocular  muscles  and  also  the  peripheral  anatomy  of  the  labyrinth  and  of  the 
extraocular  muscles.  Hflgyes  was  the  first  to  delve  into  these  matters:  he  deduced 
a  specific  set  of  primary  relations  and  pathways  between  the  labyrinth  of  one 
side  and  the  ipsilateral  and  contralateral  eye  muscles.22  Indeed,  he  came  quite 
close  to  determining  the  actual  arrangement,  clarified  much  later  by  SzentSgo- 
thai.44'46  In  the  course  of  his  studies,  HSgyes  also  recognized  the  different 
requirements  for  appropriate  compensatory  eye  movements  in  lateral-  and 
frontal-eyed  animals,  but  he  did  not  clearly  resolve  the  question  of  how  the 
requirements  are  met.  (Hbgyes’  achievements  in  vestibular  research  were  fully 
appreciated  only  after  his  main  publication,  originally  published  in  Hungarian  in 
the  1880s,  appeared  in  German  translation  in  1912. )a  Barony  accurately  observed 
the  eye  movements  elicited  in  rabbit  by  natural  vestibular  stimuli.3  However,  he 
claimed  that  the  actions  of  rabbit  and  human  extraocular  muscles  were  identical, 
and  thus  his  description  of  the  relations  of  individual  vertical  semicircular  canals 
to  specific  eye  muscles  was  erroneous.  Why  B4r£ny  believed  the  actions  of  rabbit 
and  human  extraocular  muscles  to  be  identical  is  mysterious  because  the 
anatomical  information  about  the  periphery  necessary  to  arrive  at  the  contrary 
conclusion  was  available  from  his  associate  Rothfeld  and  also  from  Wessely.3949 
BSrSny’s  viewpoint  was  contradicted  by  Ohm,  who  demonstrated  anatomically 
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that  eye  movements  elicited  by  a  given  vertical  extraocular  muscle  are  different 
in  man  and  rabbit.3*  Furthermore,  Ohm  was  the  first  to  conclude  that  the 
different  compensatory  eye  movements  in  frontal-  and  lateral-eyed  animals  are 
due  to  differences  in  extraocular  muscle  anatomy  and  the  resulting  differences  in 
the  kinematic  characteristics. 

In  the  same  year  that  Ohm  published  his  work.  Schilling  also  addressed  the 
matter  of  different  compensatory  eye  movements  in  animals  with  different 
orientations  of  the  optic  axis,  but  in  his  discussion  of  the  problem,  he  favored  the 
idea  of  a  change  in  central  neuronal  connectivity,  assuming  that  the  anatomical 
arrangements  of  the  extraocular  muscles  were  similar  in  all  species.41  In  his 
monograph,  Magnus  also  addressed  the  question  of  differences  in  compensatory 
eye  movements  in  lateral-  and  frontal-eyed  animals.”  He  proposed  that  during  a 
head  movement  around  the  bitemporal  axis  in  rabbit,  only  the  oblique  muscles 
are  active,  whereas  in  monkey,  only  the  vertical  recti  are  active.  On  the  basis  of 
his  interpretation,  he  claimed  that  there  were  differences  in  central  neural 
connectivity.  In  so  doing,  Magnus  neglected  the  concept  that  a  single  muscle  can 
produce  both  vertical  and  rotatory  movements,  as  previously  demonstrated  for 
man  by  Hering  and  Helmholtz  among  others. 10  ,8 

In  his  classical  paper  on  the  anatomical  connections  of  the  vestibulo-ocular 
reflexes,  Szentdgothai  noted  in  frontal-eyed  animals  that  the  proportional  contri¬ 
bution  of  the  vertical  recti  and  oblique  muscles  to  producing  vertical  and  rotatory 
(torsional]  movement  changes  with  the  position  of  the  eye  in  the  orbit.44  From  this 
observation,  he  concluded  that  the  different  compensatory  eye  movements  in 
animals  with  different  positions  of  the  optic  axis  in  the  head  reflect  mainly  the 
differences  in  the  pulling  directions  of  identical  muscles  brought  about  by 
different  positions  of  the  eye  in  the  head.  But  as  we  shall  see  below,  the  changes 
in  pulling  directions  in  animals  with  different  interocular  angles  are  also  brought 
about  by  changes  in  the  insertion  points. 

In  summary,  two  types  of  explanations  have  been  offered  for  the  differences 
in  compensatory  eye  movements  in  lateral-  and  frontal-eyed  animals.  Some 
investigators  have  proposed  a  change  in  central  neuronal  connectivity,  with  the 
muscular  arrangements  remaining  constant;  other  investigators  have  proposed 
that  the  primary  pattern  of  central  connectivity  of  the  vestibulo-ocular  reflexes  is 
preserved  but  that  the  extraocular  muscles  change  their  action.  Knowing  that  the 
primary  physiological  relations  between  the  vertical  canals  and  individual 
extraocular  muscles  are  the  same  in  frontal-  and  lateral-eyed  animals,  but  not 
knowing  the  work  of  Ohm,  we  set  out  to  clarify  the  situation  by  determining  the 
orientations  of  the  vertical  semicircular  canals  and  the  insertions  and  lines  of 
action  of  the  oblique  and  vertical  recti  muscles  in  different  species  with  differing 
interocular  angles.10-12"1'20  21 28  28  20  4248 


Methods 

The  species  used  experimentally  in  the  study  were  pigmented  and  albino 
rabbits,  albino  guinea  pigs,  and  pigmented  cats.  The  orientations  of  the  vertical 
extraocular  muscles  with  respect  to  the  midline  were  obtained  in  live  anesthe¬ 
tized  or  dead  fixed  and  nonfixed  specimens  by  direct  measurements  in  situ  or 
from  photographs.  Measurements  were  referenced  to  the  primary  position  of  the 
eye  using  the  optic  axis  data  of  Prince  et  ai.  and  Hughes.”25  Data  on  the 
orientation  of  extraocular  muscles  in  man  are  readily  available  in  the  litera¬ 
ture.”*'34  Since  data  on  the  orientation  of  the  semicircular  canals  in  man,  cat,  and 
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guinea  pig  are  available  in  the  recent  literature,  we  measured  the  orientation  of 
the  vertical  semicircular  canals  only  in  rabbit.5'*'13'14  This  was  done  by  aligning  a 
straightedge  with  the  exposed  dorsal  half  of  the  circumference  of  the  anterior  or 
posterior  canal  viewed  from  above  and  measuring  the  angle  of  the  straightedge 
with  the  mid-sagittal  plane.  The  actions  of  the  superior  extraocular  muscles  in 
rabbit  were  determined  by  photographing  crossed  threads  placed  on  the  cornea 
while  a  single  muscle  was  electrically  stimulated  near  its  origin  in  the  orbit  or,  in 
the  case  of  the  superior  oblique,  also  activated  by  stimulation  of  the  trochlear 
nerve  at  its  exit  from  the  brain  stem.  The  initial  position  used  in  determining  the 
actions  of  the  superior  muscles  in  rabbit  was  within  five  degrees  of  the  primary 
position  as  described  by  Hughes.24 


Results 

Across  the  species  investigated,  the  lines  of  action  (the  pulling  directions)  of 
the  superior  oblique  and  superior  rectus  muscles  change  relative  to  the  optic  axis 
such  that  the  ipsilateral  vertical  canal  to  which  each  muscle  is  most  nearly 
parallel  remains  the  same  (Figure  1).  That  canal  is  the  one  that  provides  the 
primary  excitatory  input  to  the  respective  muscle.2'91015'2021'26'28'29  42'44'45  46,48  In  this 
paper,  we  will  give  a  detailed  description  of  the  situation  only  in  man  and  rabbit, 
representing  the  extreme  examples  of  frontal-  and  lateral-eyed  animals.  Our 
data  on  the  anatomical  arrangements  for  the  labyrinth  and  the  eye  muscles  of 
rabbit  agree  well  with  those  presented  previously  by  Rothfeld  and 
others.30  32:13  35  39  Several  previous  investigators  have  suggested  that  the  vertical 
extraocular  muscles  are  aligned  with  one  or  the  other  of  the  vertical  ca¬ 
nals.31 353940  In  fact,  such  an  arrangement  is  not  present,  and  is  only  more  or  less 
approximated  depending  on  the  species.8  In  addition,  the  anterior  and  posterior 
canals  of  one  side  are  not  at  the  same  angle  to  the  midline,  but  the  average  of  the 
two  angles  is  close  to  45  degrees. 

From  Figures  1  and  2  it  is  clear  that  the  insertion  points  of  the  superior 
muscles  on  the  globe  are  markedly  different  in  rabbit  and  man.  These  differ¬ 
ences  have  important  consequences  for  the  actions  of  the  vertical  extraocular 
muscles  (Figure  3)  and  for  understanding  the  organization  of  the  vestibulo-ocular 
reflexes  in  all  vertebrate  species.  From  the  primary  position  of  the  eye,  contrac¬ 
tion  of  the  superior  rectus  in  man  causes  elevation,  which  is  commonly  regarded 
as  the  primary  action  of  this  muscle,  and  also  causes  intorsion  and  adduction  (the 
so-called  secondary  actions).  Contraction  of  the  superior  oblique  in  man  causes 
intorsion  (the  so-called  primary  action)  and  also  depression  and  abduction  (the 
secondary  actions).  (While  the  action  of  a  single  muscle  can  be  described  most 
simply  by  referring  to  its  own  rotational  axis,  we  are  following  here  the 
conventional  practice  of  describing  the  actions  of  extraocular  eye  muscles  in 
terms  of  vertical,  horizontal,  and  torsional  components.)  Comparison  of  the 
extraocular  muscle  actions  in  man  and  rabbit  reveals  that  the  so-called  primary 
actions  remain  the  same  (elevation  for  the  superior  rectus  and  intorsion  for  the 
superior  oblique),  but  due  to  the  different  insertion  points  and  lines  of  action  of 
these  muscles  in  rabbit  as  compared  to  man,  the  secondary  actions  about  the 
primary  position  are  considerably  different.  In  rabbit,  the  secondary  actions  of 
the  superior  rectus  are  extorsion  and  abduction,  and  for  the  superior  oblique, 
they  are  elevation  and  adduction.  Evidence  for  differences  in  superior  oblique 
action  between  man  and  rabbit  can  be  found  as  early  as  1823  in  the  experiments 
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superior  rectus  superior  oblique 


superior  rectus  superior  oblique 


Figure  2.  Locations  of  the  insertion  points  and  orientations  of  the  lines  of  action  of  the 
superior  vertical  extraocular  muscles  in  man  and  rabbit.  Insertion  points  and  lines  of  action 
of  corresponding  muscles  in  the  two  species  have  changed  relative  to  the  optic  axis  so  that 
the  secondary  actions  effect  movements  in  opposite  directions  (e.g.,  elevation  and  adduc¬ 
tion  for  the  rabbit  superior  oblique;  depression  and  abduction  for  the  human  superior 
oblique).  The  primary  actions  remain  the  same.  (See  also  the  table  in  Figure  4.) 


of  Bell,  but  since  he  believed  that  the  action  of  this  muscle  was  the  same  in  rabbit 
and  man,  he  offered  a  different  interpretation  of  his  observations.4 

A  complete  synopsis  of  extraocular  muscle  actions  in  man  and  rabbit  is  given 
in  Figure  4,  which  is  in  part  a  modified  Hering-diagram.  The  different  secondary 
actions  of  the  vertical  muscles  in  lateral-  and  frontal-eyed  animals  are  appropri¬ 
ate  for  compensatory  eye  movements,  as  can  be  readily  appreciated  by  consider¬ 
ing  rotations  about  the  principal  axes  of  the  vertical  semicircular  canals.  The 
different  kinematic  characteristics  of  the  individual  muscles  are  due  to  changes 
in  insertion  and  line  of  action,  as  illustrated  in  Figure  2  for  the  superior  muscles. 
The  difference  in  vertical  movement  of  the  optic  axis  elicited  by  the  action  of  the 
superior  oblique  in  rabbit  and  man  is  due  to  the  insertion  of  this  muscle, 
respectively,  in  front  of  and  behind  the  equatorial  plane.  Insertion  in  front  of  the 
equator  causes  elevation  in  rabbit,  and  insertion  behind  the  equator  causes 
depression  in  man.  In  conjunction  with  a  change  of  the  insertion  point,  a  change 
in  the  line  of  action  projected  onto  the  horizontal  plane  also  occurs  and  is 
responsible  for  the  abduction-adduction  differences. 
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Discussion 

Using  the  example  of  head  movement  about  the  roll  axis  presented  in  the 
introduction,  we  can  illustrate  the  functional  consequences  and  thus  the  signifi¬ 
cance  of  the  differences  in  secondary  actions  of  the  vertical  eye  muscles  of  rabbit 
and  man.  In  both  man  and  rabbit,  when  the  firing  frequency  of  the  ipsilateral 
(with  respect  to  downside  tilt)  vertical  semicircular  canal  nerves  increases 
(Figure  5),  contraction  of  the  superior  rectus  and  superior  oblique  will  occur  on 
the  ipsilateral  side.  In  man,  the  intorsional  component  of  the  actions  of  these 
muscles  is  synergistic,  but  the  other  kinematic  components  are  antagonistic.  For 
the  contralateral  eye,  the  extorsional  components  of  the  inferior  rectus  and 
inferior  oblique  cooperate  in  man;  the  other  components  are  antagonistic.  For  the 
rabbit,  a  similar  scenario  can  be  run  through.  The  fundamental  difference  in  the 
case  of  the  rabbit  is  that  the  elevation  component  is  synergistic  for  the  ipsilateral 
eye  and  the  depression  component  is  synergistic  for  the  contralateral  eye, 
resulting  in  the  required  vertical  compensatory  eye  movements.  Thus,  in  both 
species,  the  collective  actions  are  appropriate  for  producing  the  different 
required  compensatory  eye  movements.  An  analogous  situation  holds  for  pitch 
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Figure  3.  Actions  of  the  superior  vertical  extraocular  muscles  in  man  and  rabbit.  Solid 
lines  indicate  the  initial  position  of  the  eye,  and  dashed  lines  indicate  the  position  of  the  eye 
after  a  contraction  of  the  superior  oblique  or  the  superior  rectus.  Kinematic  actions  of  single 
muscles  are  given  in  parenthesis.  The  first  of  these  is  the  so-called  primary  action,  the 
others  are  the  so-called  secondary  actions.  The  different  components  of  a  muscular  action 
also  are  depicted  graphically.  (Upper  part  of  figure  modified  from  Moses.)” 
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movements  of  the  head  about  the  bitemporal  axis  when  either  both  anterior  or 
both  posterior  vertical  canals  are  excited.  Thus,  the  preservation  of  the  primary 
relations  of  the  three-neuron  arcs  of  the  vestibulo-ocular  reflexes  can  be 
achieved  by  the  changes  in  muscular  organization  described  here.  Neither 
rotating  the  entire  contents  of  the  orbit,  as  present  in  the  rabbit,  to  the  front,  nor 
rotating  just  the  eyeball  to  the  front  while  maintaining  the  insertions  of  the 
muscles  on  the  eyeball  would  be  successful.  In  either  case,  fundamental  changes 
in  central  neural  connectivity  would  be  necessary.  While  detailed  knowledge  of 
the  relations  of  particular  parts  of  the  utricle  and  saccule  to  specific  extraocular 
muscles  is  not  available,  the  results  of  studies  of  frontal-eyed  animals  suggest  that 
the  species  differences  in  the  secondary  actions  of  vertical  eye  muscles  are  in 
line  with  preservation  of  the  utriculo-ocular  relations  found  in  frontal-eyed 
animals. 17,43,47 

For  the  conceptual  issue  of  this  paper,  it  has  not  been  necessary  to  consider 
other  than  the  primary  vestibulo-ocular  relations,  but  species  differences  in 
secondary  vestibulo-ocular  relations  may  indeed  exist,  as  already  pointed  out  by 
Szentdgothai.44  Participation  of  all  extraocular  muscles  during  any  eye  movement 
has  been  demonstrated  and  given  various  interpretations.32,50  At  least  one  reason 
for  the  presence  of  secondary  vestibulo-ocular  relations  is  apparent  from 
comparing  the  geometry  of  the  orbit  and  the  labyrinth.  Neither  the  vertical  recti 
nor  the  obliques  acting  alone  will  produce  compensatory  eye  movements  in  the 
planes  of  the  vertical  canals.  Therefore,  if  stimulation  of  a  single  canal  produces 
eye  movement  in  the  plane  of  that  canal,  activation  of  eye  muscles  in  addition  to 
that  one  enjoying  a  primary  relation  with  the  stimulated  canal  must  occur. 
Presently  available  information  on  the  secondary  vestibulo-ocular  relations  in 
animals  with  different  interocular  angles  suggests  that  there  are  species  differ¬ 
ences,  but  the  issue  is  not  fully  resolved.1026  27  29  48  The  matter  of  secondary 
vestibulo-ocular  relations  may  be  addressed  by  using  intracellular  recording  and 
staining  techniques.  In  addition,  the  nonprimary  connections  may  be  predicted 
by  first  determining  the  coordinates  of  the  insertions  and  origins  of  the  eye 
muscles  and  of  the  center  of  rotation  in  different  species  and  then  using 
computer  modeling38  to  determine  which  muscles  must  be  activated  to  meet  the 
kinematic  requirements  for  compensatory  eye  movements  for  head  movements 
about  particular  axes. 

Much  of  the  confusion  about  the  nature  of  the  differences  in  compensatory 
eye  movements  among  animals  with  different  optic  axis  orientations  resulted 
from  neglecting  the  exact  arrangement  of  the  extraocular  muscles  or  from 
oversimplifying  the  kinematic  characteristics  of  the  extraocular  muscles  by 
considering  only  the  so-called  primary  action  of  a  given  muscle.  Examination  of 
the  geometry  of  the  extraocular  muscles  in  frontal-  and  lateral-eyed  animals 
shows  that  there  is  no  need  for  a  qualitative  difference  in  the  primary  vestibulo- 
ocular  relations.  The  requirements  for  producing  the  different  appropriate 
compensatory  eye  movements  are  basically  fulfilled  in  the  orbit  by  the  changes  of 
the  insertions  and  lines  of  action  of  the  vertical  extraocular  muscles,  resulting  in 
different  secondary  kinematic  actions. 
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PHASIC  COMPONENTS  OF  FROG  SEMICIRCULAR  CANAL 

Yasuo  Harada  and  Kenzo  Hirata 
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Hiroshima,  Japan 


The  bidirectional  responses  of  vestibular  nerve  fibers  as  well  as  their  resting 
activity,  threshold,  sensitivity,  and  adaptation  to  natural  stimulation  have  been 
studied.  Precht,  Llinas,  and  Clarke  divided  frog  vestibular  nerve  fibers  into  two 
types  according  to  characteristics  of  their  frequency  response  to  natural  stimula¬ 
tion  of  the  horizontal  canal.’  The  first  type  consisted  of  units  having  short  time 
constants  to  acceleration  and  velocity  step  inputs;  the  second  type  consisted  of 
units  having  long  time  constants.  Of  the  afferent  fibers,  65%  showed  adaptation 
in  frequency  to  prolonged  steps  of  acceleration,  whereas  the  remaining  35% 
showed  no  frequency  decrease  during  prolonged  stimulation. 

It  is  well  known  that  the  frog’s  vestibular  nerve  contains  efferent  fibers  whose 
cell  bodies  are  located  in  the  brain  stem  and  the  cerebellum.  The  efferent  fiber 
system  probably  serves  as  a  feedback  system  to  the  labyrinth,  which  on  the 
ipsilateral  side,  could  be  partly  responsible  for  the  adaptation  in  frequency  of 
some  of  the  afferent  fibers.  Hence,  it  seemed  advisable  to  study  an  isolated 
preparation  to  find  out  whether  the  end  organ  of  the  semicircular  canal  shows 
significant  adaptation. 

In  the  present  research,  the  isolated  posterior  semicircular  canal  of  frogs  was 
stimulated  with  a  device  that  induced  ampullofugal  currents  and  a  controlled 
cupula  deflection,  in  order  to  analyze  in  detail  the  function  of  the  semicircular 
canal. 


Materials  and  Methods 

The  experiments  were  carried  out  in  posterior  semicircular  canals  isolated 
from  frogs  (Rana  nigromaculata)  according  to  the  procedure  suggested  by 
Harada.2  The  original  method  was  refined  in  order  to  achieve  more  precise 
control  over  the  fluid  movements  in  the  canal.  The  vertical  posterior  semicircular 
canal  was  isolated  together  with  its  ampulla  and  the  distal  stump  of  the  ampullar 
nerve.  The  preparation  was  placed  in  a  perspex  chamber  filled  with  Tyrode 
solution  and  fastened  to  a  micropipette  filled  with  Tyrode  solution,  which  was 
tightly  inserted  into  the  open  end  of  the  canal  (Figure  1).  The  ampullar  receptor 
was  mechanically  stimulated  by  producing  fluid  pulses  inside  the  canal  using  an 
earphone  connected  to  the  preparation  via  a  micropipette.  The  vibrating 
membrane  of  a  magnetic  earphone  with  good  insulation  covered  with  a  thin 
rubber  was  driven  by  the  moving  coil  fed  by  a  function  generator.  Displacements 
of  the  vibrating  membrane  were  related  linearly  to  the  coil  voltages.  The  action 
potentials  in  the  ampullar  branch  of  the  vestibular  nerve  were  recorded  by 
means  of  a  suction  electrode  with  an  Ag-AgCl  electrode.  The  action  potentials 
were  amplified,  fed  to  a  rectifying  bridge,  and  integrated.  They  were  observed  on 
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Figure  1.  Schematic  representation  of  the  experimental  setup:  FG,  function  generator; 
MC,  moving  coil;  MP,  micropipette;  pc,  posterior  semicircular  canal;  me,  microelectrode; 
Ai,  amplifier,  INT,  integrator,  Au,  amplifier,  OS,  oscilloscope;  PR,  pen  recorder. 


a  Braun  tube  oscilloscope  and  recorded  on  a  pen  recorder.  The  time  constant  of 
the  integrator  is  0.00265.  Voltages  applied  to  the  moving  coil  were  registered  by  a 
microammeter.  Fluid  flow  displacement  in  the  micropipette  was  measured  with 
an  ocular  micrometer.  Bubble  displacements  were  related  linearly  to  the  coil 
voltage  (Figure  2).  Square  pulses  having  several  durations  of  1  to  10  seconds  and 
six  different  amplitudes  were  employed  in  the  experiments.  The  corresponding 
fluid  flow  displacements  in  the  micropipette  were  8, 16,  32, 48, 64,  and  80  p. 


Results 

In  Figure  3.  the  original  discharge  of  the  ampullar  nerve  is  compared  with  the 
integrated  ampullar  nerve  activity  under  the  same  stimulus  conditions.  A  resting 
discharge  was  maintained  by  low-voltage  action  potentials,  i.e.,  about  50  pV.  At 


Figure  2.  Relation  between  bubble  displacement  and  coil  voltage. 
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Figure  3.  The  response  on  ampullofugal  stimulation  of  isolated  posterior  ampullar 
receptor,  a,  original  discharge  of  the  ampullar  nerve;  b,  integrated  ampullar  nerve  activity. 


the  onset  of  the  stimulation,  there  was  a  sudden  burst  of  action  potentials  of  high 
amplitude,  but  these  responses  soon  decreased.  Low-amplitude  action  potentials 
lasted  much  longer.  Although  the  integrated  ampullar  nerve  activity  reached  the 
baseline  (Figure  3),  low-amplitude  activity  continued.  This  experiment  shows 
that  the  integrated  ampullar  nerve  activity  reflected  mainly  high-amplitude 
action  potentials. 

Experiments  were  performed  under  four  different  stimulus  conditions. 
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Figure  4.  Relation  between  stimulus  strength  and  maximum  integration  value  of  the 
ampullar  nerve  activity. 
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Relation  between  Stimulus  Strength  and  Maximum  Integration  Value  of  the 
Ampullar  Nerve  Activity 

Four  frogs  were  individually  tested  at  six  different  rates  of  flow  pulse  (ranging 
from  8  m  to  80  u)  applied  for  periods  of  1.5  seconds.  The  integrated  ampullar 
nerve  activity  was  recorded. 

An  example  of  this  experiment  is  illustrated  in  Figure  4.  Maximum  values  of 
the  integrated  ampullar  nerve  activity  were  plotted  against  stimulus  strength  on  a 
logarithmic  scale.  Gradients  of  regression  lines  varied  from  582  to  744;  and  the 
points  where  the  regression  line  crossed  the  abscissa,  the  presumed  threshold, 
varied  from  1.2  to  4.6.  Correlation  coefficients  ranged  from  0.985  to  0.995. 
Maximum  integration  values,  derived  from  units  responsible  for  the  action 
potentials  of  high  amplitude,  were  proportional  to  the  logarithm  of  the  stimulus 
strength. 


Relation  between  Integrated  Ampullar  Nerve  Activity  and  Displacement 
Velocity  of  Mechanical  Stimulation 

These  experiments  were  performed  with  different  gradients,  but  the  same 
end  voltage  was  applied  to  the  moving  coil.  We  considered  the  flow  rate  in  the 
semicircular  canal  to  be  proportional  to  the  gradients  of  the  current  applied  to  the 
moving  coil.  The  tracings  in  Figure  5  illustrate  the  integrated  ampullar  nerve 
activity  induced  by  a  fluid  flow  pulse  and  by  a  10.3-p/second  fluid  flow  rate.  In 
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Figure  5.  Integrated  ampullar  nerve  activity  to  the  fluid  flow  pulse  and  10.3-M/second 
fluid  flow  rate. 
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DISPLACED  VELOCITY  OF  MECHANICAL  STIMULATION  (d/  SEC.  ) 

Figure  6.  Relation  between  integrated  ampullar  nerve  activity  and  displacement  veloc¬ 
ity  of  mechanical  stimulation. 


the  upper  trace,  in  response  to  a  fluid  flow  pulse  of  24  n,  the  integrated  ampullar 
nerve  activity  value  reached  about  1,000  tiV  immediately  and  then  exponentially 
decreased.  In  the  lower  trace,  a  10.3-g/second  flow  rate  caused  the  activity  to 
reach  a  value  of  about  200  jtV  (maximum  value)  slowly. 

In  Figure  6,  the  maximum  value  of  the  integrated  ampullar  nerve  activity  is 
plotted  against  the  displacement  velocity  of  mechanical  stimulation  on  a  linear 
scale.  The  integrated  ampullar  nerve  activity  saturated  at  a  certain  displacement 
velocity. 


Time  Course  of  Integrated  Ampullary  Nerve  Activity  to  Flow  Pulse 
of  Long  Duration 

A  fluid  flow  pulse  of  long  duration  was  applied  to  the  canal  to  determine 
whether  there  was  any  adaptation  in  afferent  fibers  of  the  ampullar  nerve.  As 
illustrated  in  Figure  7,  the  integrated  ampullar  nerve  activity  reached  a  maxi¬ 
mum  abruptly  and  then  declined  exponentially  to  the  baseline  about  8.0  seconds 
after  the  stimulation.  In  addition  to  the  stimulation  procedure  mentioned  above, 
a  stimulus  of  moderate  strength  (24  g)  was  applied  to  it  for  1.3  seconds  repeatedly 
at  several  intervals  ranging  from  0.4  seconds  to  5.0  seconds.  As  illustrated  in 
Figure  8,  the  integrated  ampullar  nerve  activity  decreased  in  each  of  the  first  two 
sets  of  stimulation,  but  did  not  decrease  when  there  was  a  5.0-second  interval 
between  stimuli.  In  Figure  9,  the  amount  of  response  reduction  differed  for  the 
different  stimulation  intervals,  but  the  responses  stayed  constant  for  as  long  as 
the  stimulation  lasted.  The  shorter  the  intervals  of  the  stimulation,  the  more  rapid 
the  response  reduction.  The  response  reduction  would  appear  to  be  due  to 
adaptation,  that  is,  the  response  of  the  peripheral  vestibular  organ  should  not 
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have  been  reduced  during  repeated  constant  stimulation  if  it  were  free  from 
adaptation. 


Superimposed  Sequential  Stimulation  Applied  at  Various  Times  for  Adaptation 

In  the  experiment  illustrated  in  Figure  10,  a  fluid  flow  pulse  of  8  n  was 
applied  first.  This  was  followed  by  a  second  short  fluid  flow  pulse  of  16  n  given  at 
four  different  times  (1  second,  2  seconds,  3  seconds,  4  seconds).  The  total  fluid 
flow  pulse  was  24  n.  The  response  to  the  second  stimulation  was  similar  when  it 
was  applied  at  different  times.  If  all  of  the  adapting  units  had  responded  to  the 
first  stimulation,  summation  of  superimposed  stimulation  should  not  be  found  in 
every  case.  From  this  result,  we  would  conclude  that  there  are  adapting  units 
with  different  thresholds. 
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Figure  9.  The  amount  of  response  reduction  at  four  different  intervals. 


Discussion 

Katsuki  et  al.  reported  that  the  response  of  the  single  lateral-line  nerve  fiber 
of  Japanese  eels  was  linear  in  relation  to  the  logarithm  of  the  mechanical 
stimulation.3  Shimazu  and  Precht  demonstrated  that  the  constant  level  of  maxi¬ 
mum  frequency  in  the  cat’s  vestibular  nuclei  was  proportional  to  the  logarithm  of 
the  acceleration  applied.4  According  to  the  dynamic  characteristics  of  discharge, 
Shimazu  and  Precht  divided  the  neurons  in  the  vestibular  nuclei  into  two  types: 
kinetic  neurons,  characterized  by  lack  of  spontaneous  discharge,  high  threshold 
for  frequency  increase,  rapid  time  course  of  frequency  change,  and  steep 
gradient  of  acceleration-frequency  relationship;  and  tonic  neurons,  showing 
opposite  characteristics.4  Recordings  of  mass  activity  from  the  nerve  of  the 
posterior  canal  of  the  frogs  by  Taglietti,  Valli,  and  Casella  show  that  the  resting 
discharge  is  maintained  by  low-voltage  action  potentials,  although  there  are  two 
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components,  low-  and  high-voltage  action  potentials,  that  are  recorded  when  the 
canal  is  excited.5 

The  phenomenon  of  adaptation  of  the  sensory  nerve  fiber  is  generally 
believed  to  be  an  important  characteristic  of  the  end  organ  itself.  The  present 
experiments,  done  without  influence  of  efferent  nerve  fibers,  demonstrate  that 
the  posterior  ampullary  nerve  shows  rapid  adaptation.  Shimazu  and  Precht 
found  no  significant  adaptation  of  vestibular  neuron  activity.'1  They  consider  that 
this  result  is  due  to  the  experimental  arrangement  of  rotation  for  producing 
cupula  deflection.  According  to  Lowenstein’s  investigation  with  a  slowly  increas¬ 
ing  stimulating  current  that  stimulates  a  slow  exponential  change  of  cupula 
deflection  caused  by  a  constant  angular  acceleration,  the  discharge  frequency 
adapts  only  very  slightly.6 
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Figure  10.  Response  to  two  successive  steps  of  fluid  flow  pulse. 


On  the  other  hand,  if  make-or-break  currents  are  applied,  the  discharge  rate 
shows  rapid  adaptation.  Shimazu,  Precht,  and  Lowenstein  expected  that  if  the 
cupula  were  to  be  deflected  very  rapidly  and  sustained  at  a  constant  position  for 
a  long  time,  the  impulse  discharge  of  the  sensory  organs  and  vestibular  neurons 
would  adapt  considerably.  The  present  procedure  for  producing  a  cupula 
deflection  to  determine  whether  there  is  any  adaptation  is  in  good  agreement 
with  their  suggestions. 

Since  the  hair  cells  of  the  crista  ampullaris  in  the  frogs  are  all  type  II,  the 
factor  responsible  for  the  differences  in  dynamic  properties  is  believed  to  be  a 
difference  in  the  encoder  mechanism  in  the  nerve  fiber.’ 

Nakajima  and  Onodera  reported  that  marked  differences  in  adaptation 
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between  the  slowly  and  rapidly  adapting  receptors  of  the  crayfish  were  attribut¬ 
able  to  the  differences  in  the  properties  of  the  spike-generating  membrane  rather 
than  to  properties  of  the  generator  potentials.7  Taglietti,  Valli,  and  Casella 
explained  that  different  units  are  subserved  by  fibers  of  different  sizes:  thick 
fibers  gave  rise  to  phasic  responses,  whereas  thin  fibers  gave  rise  to  tonic 
responses.5  The  present  experiments  confirm  that  the  units  composing  the 
sensory  apparatus  of  the  frog  semicircular  canals  show  phasic  responses.  Phasic 
components  are  more  related  to  cupula  deflection  velocity  than  to  the  position  of 
the  cupula.  These  units  display  rapid  adaptation,  respond  to  fluid  flow  rate,  and 
have  different  thresholds. 
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The  reactions  to  rotations  about  an  earth-horizontal  axis  (EHA)  were 
described  by  Guedry  and  by  Benson  and  Bodin.1'2  Human  subjects  were  spun  in 
their  horizontal  (yaw)  plane  at  constant  speeds  of  10-60°/second.  EHA  rotations 
in  either  direction  led  to  a  persistent  unidirectional  nystagmus,  whose  slow  phase 
was  compensatory  for  motion.  Two  components  were  evident  in  the  response,  a 
bias  component  responsible  for  the  unidirectional  nystagmus  and  a  cyclic 
component  reflected  in  the  nystagmus  being  modulated  as  a  function  of  instanta¬ 
neous  head  position  relative  to  gravity.  The  nystagmus  appeared  to  be  a  steady- 
state  response,  since  it  was  maintained  for  constant-speed  rotations  of  several 
minutes  duration.  Postrotatory  responses  were  short-lived  or  were  absent.  As  is 
well  known,  were  the  same  rotations  applied  while  the  subject  was  being  spun 
about  an  earth-vertical  axis  (EVA),  the  perrotatory  response  would  last  only  for 
30-60  seconds  and  would  be  followed  by  an  oppositely  directed  postrotatory 
response  of  comparable  magnitude  and  duration.3  The  EHA  reactions  were 
absent  in  labyrinthine-defective  subjects,  suggesting  that  the  responses  were  of 
vestibular  origin.1  Subsequent  studies  of  EHA  nystagmus  have  extended  these 
findings  in  several  ways,  of  which  four  may  be  mentioned  here.  First,  similar 
responses  are  obtained  during  counterrotation  on  a  centrifuge,15  indicating  that 
the  critical  physical  variable  is  the  rotation  of  a  linear-force  vector  about  the 
subject.  Second,  a  persistent  unidirectional  nystagmus  is  also  observed  in  experi¬ 
mental  animals,  including  the  rabbit,  cat,  and  rhesus  monkey  .6_'!  Third,  a  similar 
vertical  nystagmus  results  when  subjects  are  rotated  about  an  EHA  axis  in  their 
pitch  plane,  i.e.,  head  over  heels.  And  fourth,  the  horizontal  EHA  nystagmus 
changes  from  a  unidirectional  to  a  direction-changing  nystagmus  when  the 
rotation  speed  is  increased  from  60°/second  to  180° /second.9 

The  physiological  basis  of  the  unidirectional  (bias)  nystagmus  obtained  during 
EHA  rotations  is  unclear.  There  have,  in  fact,  been  three  suggestions  offered  as  to 
the  peripheral  etiology  of  the  bias  component.  Guedry  thought  that  the  bias 
component  might  reflect  the  dynamic  pattern  of  activation  of  different  groups  of 
otolith  afferents.1  Benson  and  Bodin  and  Steer  favored  a  semicircular-canal 
origin  for  the  bias  component;14  it  was  suggested  that  EHA  rotations  led  to  a 
maintained  cupular  deflection,  possibly  as  a  result  of  a  roller-pump  action. 
Finally,  Benson  and  Barnes  speculated  that  EHA  rotations  might  lead  to  a 
steady-state  d.c.  response  of  otolith  afferents  that  was  directionally  specific.5 
Directional  specificity  here  refers  to  a  response  whose  magnitude  and/or  sign  is 
altered  when  the  rotation  direction  changes  from  clockwise  to  counterclockwise. 

•This  research  was  supported  by  National  Institutes  of  Health  Grant  No.  NS  01330  and 
by  National  Aeronautics  and  Space  Administration  Grant  No.  NGR-14-001-225. 
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Experimental  studies  have  not  clarified  the  situation.  Janeke,  working  with 
the  rabbit,  reported  that  the  persistent  nystagmus  produced  by  EHA  yaw 
rotations  was  abolished  by  bilateral  section  of  the  utricular  nerves  combined  with 
bilateral  saccular  destruction.8  As  has  been  pointed  out,10  Janeke’s  operative 
procedures  were  drastic  and  could  have  led  to  a  general  labyrinthine  deteriora¬ 
tion.  Correia  and  Money  inactivated  all  six  semicircular  canals  by  a  plugging 
procedure,  which  reduced  but  did  not  abolish  the  EHA  nystagmus.7  Correia  and 
Money’s  results  are  difficult  to  interpret  since  plugging,  while  abolishing  the 
response  of  canal  afferents  to  angular  accelerations,  does  not  completely  elimi¬ 
nate  the  afferents’  response  to  linear  forces.”  Hence,  the  nystagmus  observed 
after  canal  plugging  could  still  reflect  a  canal  activation.  Electrophysiological 
studies  have  been  similarly  inconclusive.  Benson  et  ai,  recording  from  the 
vestibular  nuclei  in  decerebrate  cats,  observed  that  rotating  linear  forces  resulted 
in  steady-state  d.c.  responses  from  canal-related  neurons.10  The  directional 
specificity  and  magnitude  of  the  responses  were  appropriate  to  account  for  the 
bias  nystagmus  obtained  in  the  same  motion  environment.  Since  nonrotating 
linear  forces  did  not  alter  the  discharge  of  the  neurons,  it  was  concluded  that  the 
neurons  did  not  receive  a  direct  otolith  input.  A  less  direct  otolith  input  could  not 
be  excluded.  Consistent  with  the  latter  possibility,  Lowenstein  and  Compton 
apparently  failed  to  find  similar  responses  to  EHA  rotations  in  canal  afferents  of 
the  isolated  elasmobranch  labyrinth.12 

The  present  study  was  designed  to  investigate  the  peripheral  etiology  of  the 
EHA  nystagmus,  especially  its  bias  component,  in  the  squirrel  monkey.  Eye- 
movement  recordings  were  made  with  d.c.  electro-oculography  in  alert  animals 
to  assure  ourselves  that  squirrel  monkeys,  like  other  animals,  had  characteristic 
EHA  nystagmuses  to  both  yaw  and  pitch  rotations.  Afferent  responses  were 
recorded  in  barbiturate-anesthetized  animals.  EHA  rotations  were  obtained  by 
placing  a  servo-controlled  rate  table  on  its  side.  The  stimulus  for  all  experiments 
was  a  velocity  trapezoid  with  a  constant-velocity  plateau  of  60-90  seconds. 

Our  eye-movement  recordings  show  that  the  EHA  responses  in  the  squirrel 
monkey  resemble  those  seen  in  other  species.  The  similarities  include  (1)  a 
persistent  horizontal  nystagmus  during  yaw  rotations  and  a  persistent  vertical 
nystagmus  during  pitch  rotations;  (2)  a  unidirectional  nystagmus  at  low  rotation 
speeds  (30°/second),  which  is  replaced  by  direction-changing  eye  movements  at 
higher  speeds  (180°/second);  and  (3)  postrotatory  responses  of  relatively  small 
amplitude  and  duration  following  EHA  rotations.  The  bias  component  during 
30°/second  rotations  had  a  slow-phase  eye  velocity  averaging  some  15°/second. 
This  was  so  for  both  yaw  and  pitch  rotations. 

Vestibular-nerve  recordings  were  made  from  afferents  innervating  each  of 
the  three  canals,  as  well  as  from  otolith  afferents  presumed  to  innervate  the 
utricular  and  saccular  maculae.  None  of  the  afferents  show  a  directionally 
specific  d.c.  response  that  can  account  for  the  bias  component  of  EHA  nystagmus. 
During  EHA  rotations,  canal  afferents  show  small  sinusoidal  responses,  having 
peak  amplitudes  typically  of  0-15  spikes/second.  The  responses  are  the  result  of 
the  canals’  sensitivity  to  static  linear  forces,  which,  as  we  have  argued  previously, 
may  be  artifactual  in  nature."  Larger  sinusoidal  responses  with  peak  amplitudes 
of  25-75  spikes/second  are  recorded  from  otolith  neurons  and  are  consistent  with 
the  directional  properties  and  response  dynamics  already  described  for  these 
afferents.13 

The  bias  component  of  EHA  nystagmus  requires  that  oculomotor  centers  be 
provided  with  a  directionally  specific  d.c.  input.  Neither  semicircular-canal  nor 
otolith  afferents  give  rise  to  such  a  signal.  The  appropriate  d.c.  signal  apparently 
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has  to  be  constructed  centrally  from  an  a.c.  or  sinusoidal  peripheral  input,  most 
likely  arising  from  otolith  afferents.  This  is  in  line  with  Guedry’s  original 
suggestion.1 2 3 4 5 6 7 8 9  It  is  not  clear  how  the  brain  accomplishes  this  task.  One  possibility  is 
that  the  generation  of  the  bias  component  involves  a  central  comparison  of 
sequentially  activated  populations  of  otolith  afferents  followed  by  some  form  of 
a.c.-to-d.c.  conversion.  Regardless  of  specific  mechanisms,  we  would  suggest, 
based  on  the  results  of  Benson  et  a!.,10  that  once  the  dynamic  otolith  signal  is 
transformed  centrally  into  the  appropriate  bias  signal,  the  latter  is  relayed  to 
canal-related  neurons,  where  it  is  summed  with  canal  inputs  and  then  sent  to 
oculomotor  centers.  The  convergence  of  a  canal  signal  with  an  otolith-related 
bias  signal  within  the  vestibular  nuclei  is  consistent  with  the  conclusion,  based  on 
the  optokinetic  sensitivity  of  canal-related  neurons,14  that  these  neurons  serve  to 
integrate  rotation-related  information  arising  from  disparate  sensory  channels. 

The  function  of  the  bias  component  is  obscure,  since  it  has  been  observed 
only  during  prolonged  rotation  of  a  linear-force  vector  about  the  subject’s  head. 
Such  a  motion  environment  seldom,  if  ever,  occurs  during  everyday  life.  At  the 
outset  of  these  experiments,  we  supposed  that  the  bias  component  could  be 
explained  by  a  peculiarity  in  peripheral  mechanics.  Had  this  conjecture  proved 
true,  the  bias  component  conceivably  could  have  been  dismissed  as  a  laboratory 
curiosity.  Our  results  turned  out  otherwise.  The  fact  that  the  brain  bothers  to 
construct  a  directionally  specific  d.c.  signal  from  an  a.c.  peripheral  input  strongly 
suggests  that  the  bias  component  is,  at  the  very  least,  a  manifestation  of  an 
important  vestibular  function.  What  that  function  is  remains  to  be  determined. 


References 

1.  Guedry.  F.  E.,  ]r.  1965.  Orientation  of  the  rotation-axis  relative  to  gravity:  its  influence 

on  nystagmus  and  the  sensation  of  rotation.  Acta  Otolaryngol.  60: 30-48. 

2.  Benson,  A.  J.  &  M.  D.  Bodin.  1966.  Interaction  of  linear  and  angular  accelerations  on 

vestibular  receptors  in  man.  Aerosp.  Med.  37: 144-154. 

3.  Guedry,  F.  E.,  |r.  1974.  Psychophysics  of  vestibular  sensation.  In  Handbook  of 

Sensory  Physiology.  Vestibular  System.  Part  2:  Psychophysics,  Applied  Aspects  and 
General  Interpretations.  H.  H.  Kornhuber,  Ed.  6/2: 3-154.  Springer-Verlag.  Berlin, 
Federal  Republic  of  Germany. 

4.  Steer,  R.  W..  Jr.  1970.  Progress  in  vestibular  modeling.  I.  Response  of  semicircular 

canals  to  constant  rotation  in  a  linear  acceleration  field.  In  Fourth  Symposium  on  the 
Role  of  the  Vestibular  Organs  in  Space  ■ '  tploration:  353-360.  U.S.  Government 
Printing  Office.  Washington,  D.C. 

5.  Benson,  A.  J.  &  G.  R.  Barnes.  1970.  Responses  to  rotating  linear  acceleration  vectors 

considered  in  relation  to  a  model  of  the  otolith  organs.  In  Fourth  Symposium  on  the 
Role  of  the  Vestibular  Organs  in  Space  Exploration:  221-236.  U.S.  Government 
Printing  Office.  Washington,  D.C. 

6.  Janeke,  J.  B.  1968.  On  Nystagmus  and  Otoliths.  A  Vestibular  Study  of  Responses  as 

Provoked  by  Cephalo-Caudal  Horizontal  Axial  Rotation.  Drukkerij  Cloecken 
Moedigh  N.V.  Amsterdam,  the  Netherlands. 

7.  Correia,  M.  J.  &  K.  E.  Money.  1970.  The  effect  of  blockage  of  all  six  semicircular  canal 

ducts  on  nystagmus  produced  by  dynamic  linear  acceleration  in  the  cat.  Acta 
Otolaryngol.  89: 7-16. 

8.  Young,  L.  R.  &  V.  Henn.  1975.  Nystagmus  produced  by  pitch  and  yaw  rotation  in 

monkeys  about  non-vertical  axes.  Fortschr.  Zool.  23:  235-246. 

9.  Correia,  M.  |.  &  F.  E.  Guedry,  Jr.  1966.  Modification  of  vestibular  responses  as  a 

function  of  rate  of  rotation  about  an  earth-horizontal  axis.  Acta  Otolaryngol.  62: 297- 
308. 


Goldberg  &  Fernandez:  Mechanisms  of  Nystagmus 


43 


10.  Benson,  A.  |„  F.  E.  Guedry,  |r  &  G.  Melvill  Jones.  1970.  Response  of  semicircular 

canal  dependent  units  in  vestibular  nuclei  to  rotation  of  a  linear  acceleration  vector 
without  angular  acceleration.  J.  Physiol.  London  210: 475-494. 

11.  Goldberc,  J.  M.  &  C.  Fernandez.  1975.  Responses  of  peripheral  vestibular  neurons  to 

angular  and  linear  acceleration  in  the  squirrel  monkey.  Acta  Otolaryngol.  80: 101- 
110. 

12.  Lowenstein,  O.  &  G.  J.  Compton.  1978.  A  comparative  study  of  the  responses  of 

isolated  first-order  semicircular  canal  afferents  to  angular  and  linear  acceleration, 
analysed  in  the  time  and  frequency  domains.  Proc.  R.  Soc.  London  Ser.  B  202: 313- 
338. 

13.  Fernandez,  C.  &  J.  M.  Goldberg.  1976.  Physiology  of  peripheral  neurons  innervating 

otolith  organs  of  the  squirrel  monkey.  J.  Neurophysiol.  39: 970-1008. 

14.  Waespe,  W.  &  V.  Henn.  1977.  Neuronal  activity  in  the  vestibular  nuclei  of  the  alert 

monkey  during  vestibular  and  optokinetic  stimulation.  Exp.  Brain  Res.  27: 523-538. 


EFFECTS  OF  GRAVITY  ON  ROTATORY  NYSTAGMUS 
IN  MONKEYS* 

Theodore  Raphan  and  Bernard  Cohen 

Department  of  Neurology 
Mount  Sinai  School  of  Medicine 
City  University  of  New  York 
New  York,  New  York  10029 

Volker  Henn 

Faculty  of  Medicine 
University  of  Zurich 
CH-8091  Zurich,  Switzerland 


The  vestibulo-ocular  reflex  (VOR)  stabilizes  gaze  in  response  to  head  rotation. 
If  a  step  of  angular  velocity  is  given  about  a  vertical  axis,  horizontal  nystagmus  is 
induced.  Initially,  its  slow-phase  velocity  is  compensatory;  but  as  rotation 
continues  with  the  subject  in  darkness,  slow-phase  velocity  decays  to  zero. 
Deceleration  induces  postrotatory  nystagmus.  It  is  essentially  anticompensatory 
since  it  occurs  when  the  subject  is  stationary.  There  are  several  conditions  under 
which  the  compensatory  response  of  the  VOR  is  improved.  If  rotation  occurs  in 
light,  optokinetic  nystagmus  (OKN)  is  induced  that  helps  hold  the  velocity  of  the 
slow  phases  of  nystagmus  close  to  that  of  the  stimulus.  During  and  after 
deceleration,  activity  stored  during  OKN  summates  with  the  vestibularly  induced 
postrotatory  nystagmus  to  reduce  or  abolish  it.’'5 

Compensatory  eye  velocities  also  can  be  enhanced  by  the  introduction  of  a 
rotating  gravity  vector  relative  to  the  head.  If  subjects  are  rotated  about  an  axis 
tilted  from  the  vertical  (off-vertical  axis  rotation),  nystagmus  is  induced  that  lasts 
as  long  as  rotation  continues.8"8  At  the  end  of  rotation,  the  after-nystagmus  is 
weaker  and  shorter  than  that  after  rotation  about  a  vertical  axis.  While  the 
steady-state  characteristics  of  the  nystagmus  induced  by  off-vertical  axis  rotation 
have  been  examined,*"8  its  dynamic  characteristics  are  unknown.  Moreover, 
there  is  little  information  about  the  relationship  between  perrotatory  and  postro¬ 
tatory  nystagmus  induced  by  this  type  of  stimulus.  The  purpose  of  this  study  was 
to  characterize  the  dynamic  aspects  of  the  slow-phase  velocity  of  nystagmus 
induced  by  off -vertical  axis  rotation.  We  wished  to  determine  whether  the 
velocity  storage  mechanism  that  is  important  for  visual-vestibular  interaction5 
also  plays  a  role  in  mediating  nystagmus  induced  by  rotation  about  an  off-vertical 
axis. 


Methods 

Twelve  monkeys  of  various  species  (Macaca  mulatto,  fascicularis,  and  nemes- 
trina)  were  used  in  this  study.  There  were  no  basic  differences  between  animals 

‘Supported  by  National  Institutes  of  Health  Research  Grant  No.  NS  00294,  National  Eye 
Institute  Academic  Investigator  Award  No.  EY  00157  (T.R.),  and  a  grant  from  the  Swiss 
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in  the  results  to  be  reported.  Eye  movements  were  recorded  by  d.c.  electro¬ 
oculography  (EOG)  with  implanted  Ag-AgCl  electrodes.10  The  EOG  was  differen¬ 
tiated  to  obtain  slow-phase  eye  velocity.  Eye  position,  eye  velocity,  and  stimulus 
parameters  were  recorded  on  paper  and  stored  on  FM  magnetic  tape.  Eye 
movements  to  the  right  and  up  are  represented  in  the  figures  by  upward 
deflections  in  the  EOG.  The  EOG  was  calibrated  using  the  response  to  rotation  at 
60°/second  in  light.  It  is  assumed  that  the  initial  gain  under  these  conditions  is 
close  to  unity.5’11'12  The  data  were  normalized  with  respect  to  this  value.  Calibra¬ 
tions  were  taken  just  before  each  trial  and  repeated  after  each  period  in  darkness 
to  control  for  gain  changes  in  the  EOG.  Amphetamine  sulfate  (0.5  mg/kg)  was 
given  30  minutes  before  testing  to  maintain  alertness. 

Eye  movements  were  induced  by  optokinetic  stimulation  or  by  angular 
rotation  about  vertical  or  off-vertical  axes.  The  stimulator,  constructed  by  the 


Contraves  Goertz  Corporation  of  Pittsburgh,  is  shown  in  Figure  1.  The  monkey 
sits  in  a  chair  that  is  driven  from  above  by  a  d.c.  torque  motor  (primate  axis  drive). 
The  motor  is  attached  to  a  gimbal.  The  animal  rotates  within  a  closed  aluminum 
OKN  drum.  The  OKN  drum  is  driven  from  below  by  another  motor,  which  is  also 
attached  to  the  gimbal  (OKN  drive).  Alternating  10°  black  and  white  stripes 
inside  the  drum  surround  the  animal  and  fill  its  field  of  vision.  The  gimbal  can  be 
rotated  by  a  motor  about  an  earth-horizontal  axis  (horizontal  axis  drive).  The 
animal’s  chair  may  be  tilted  in  the  primate  axis  from  the  upright  position  (Figure 
1,  dashed  lines)  to  right-side-down  positions  (Figure  1,  solid  lines)  up  to  90®.  The 
motors  are  controlled  by  a  velocity  servomechanism.  In  this  study  we  mostly  used 
velocity  steps  with  an  acceleration  and  deceleration  of  2,600°/second  per  second 
and  yaw  rotation  at  constant  velocities  up  to  160°/second.  The  axis  of  yaw 
rotation  (primate  axis)  could  be  tilted  about  the  horizontal  axis  with  an  accelera¬ 
tion  of  57°/second  per  second.  The  light  inside  the  drum  was  controlled  by  a 
pulse  generator  and  monitored  by  a  photocell. 
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Results 

Typical  slow-phase-velocity  profiles  induced  by  steps  of  angular  velocity 
about  an  axis  tilted  50°  from  the  vertical  in  darkness  are  shown  in  Figure  2.  In 
response  to  a  step  in  stimulus  velocity,  slow-phase  velocity  rose  abruptly  (Figure 
2A).  The  gain  of  the  immediate  response  (slow-phase  eye  velocity/stimulus 
velocity)  was  close  to  unity  (Figure  3A).  This  is  similar  to  the  gain  of  per-  and 
postrotatory  nystagmus  during  vertical  axis  rotation  in  darkness.5  This  shows  that 
off-vertical  axis  rotation  does  not  affect  the  initial  peak  velocity  or  gain  of  the 
VOR.  For  stimulus  velocities  up  to  50-60 “/second,  slow-phase  velocity  was 
maintained  at  a  steady-state  level  with  a  gain  close  to  one  (Figures  2A  and  3B). 
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Ficure  2.  Effects  of  rotation  in  darkness  about  an  axis  tilted  50°  from  the  vertical.  A: 
Horizontal  slow-phase  velocity  induced  by  rotation  at  50°/second  During  the  perrotatory 
period,  slow-phase  eye  velocity  was  maintained  close  to  the  velocity  of  stimulation. 
Oscillations  in  velocity  were  phase  locked  to  the  position  of  the  head.  When  the  animal  was 
stopped,  there  was  an  absence  of  after-nystagmus.  B:  Horizontal  slow-phase  velocity 
induced  by  rotation  at  150°/second.  The  peak  eye  velocity  was  similar  to  that  recorded 
during  rotation  about  a  vertical  axis.  The  postrotatory  slow-phase  velocity  was  reduced 
over  that  recorded  after  vertical  axis  rotation  by  the  amount  of  the  steady-state  nystagmus. 


For  higher  stimulus  velocities,  slow-phase  eye  velocity  declined  to  a  nonzero 
steady-state  level  after  reaching  a  peak  at  the  end  of  acceleration  (Figures  2B 
and  3B).  The  dominant  time  constant  of  the  decline  was  15-25  seconds.  The 
maintenance  of  nystagmus  during  rotation  about  an  axis  tilted  from  the  vertical  is 
different  from  the  behavior  of  vestibular  nystagmus  during  rotation  about  a 
vertical  axis.  In  the  latter  instance,  slow-phase  velocity  decays  to  zero  as  rotation 
continues  (Figure  4A).  Thus,  off-vertical  axis  rotation  enhances  compensatory 
eye  movements  induced  by  the  VOR  during  rotation  in  a  manner  similar  to 
vision. 

Superimposed  on  the  steady-state  levels  were  oscillations  whose  maximum 
and  minimum  velocities  occurred  at  specific  head  positions  over  a  wide  range  of 
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Figure  3.  A:  Peak  eye  velocity  (ordinate)  induced  by  steps  of  head  velocity  in  darkness 
(abscissa)  at  50°  tilt.  Each  dot  is  the  peak  velocity  of  one  sample  of  perrotatory  nystagmus.  It 
follows  the  same  curve  as  the  peak  eye  velocity  vs.  head  velocity  for  rotation  about  a 
vertical  axis.8  B:  Steady-state  slow-phase  eye  velocity  recorded  in  darkness  during  rotation 
about  an  off-vertical  axis  (50°).  Eye  velocity  rose  linearly  with  head  velocity  to  about 
50-60°/second  and  then  declined.  C:  Peak  velocity  of  postrotatory  nystagmus  upon 
stopping  after  off-vertical  axis  rotation.  In  all  graphs,  eye  velocity  was  normalized  in 
relation  to  values  recorded  during  60° /second  rotation  in  light. 
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stimulus  velocities  (Figure  2).  When  rotating  to  the  right,  the  velocity  was  highest 
when  the  right  side  was  down  and  lowest  when  the  right  side  was  up.  The 
reverse  occurred  for  rotation  in  the  opposite  direction.  Thus,  the  frequency  of  the 
oscillations  was  phase-locked  to  the  rotation.  This  is  consistent  with  the  results  of 
Guedry,  Benson  and  Bodin,  and  Young  and  Henn.6,7,9 

Off-vertical  axis  rotation  also  had  an  important  effect  on  postrotatory  nystag¬ 
mus.  After  deceleration,  the  postrotatory  response  was  approximately  canceled 
for  velocities  up  to  50-60°/second  (Figures  2A  and  3 C).  At  higher  stimulus 
velocities,  the  postrotatory  response  became  progressively  more  prominent  (Fig¬ 
ure  2B),  but  was  never  as  strong  as  the  postrotatory  response  to  rotation  about  a 
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Figure  4.  A  Nystagmus  induced  by  a  step  of  head  velocity  of  60° /second  in  darkness 
about  a  vertical  axis.  The  top  trace  is  the  horizontal  EOG,  the  second  trace  is  the  vertical 
EOG,  and  the  third  trace  is  horizontal  slow-phase  eye  velocity.  B:  Slow-phase  eye  velocity 
induced  by  tilting  the  animal  30°  while  it  was  rotating  in  dark  after  the  perrotatory 
slow-phase  velocity  had  declined  to  zero.  The  moment  of  tilt  is  given  by  t  -  0.  After 
reaching  a  steady-state  eye  velocity,  the  subject  was  tilted  back  to  the  upright  at  t  -  t,.  Eye 
velocity  declined  to  zero.  Note  that  the  time  course  of  the  rise  and  fall  of  slow-phase  eye 
velocity  was  comparable  to  the  time  course  of  the  per-  and  postrotatory  nystagmus  for 
rotation  about  a  vertical  axis  (A).  C:  Rotation  about  an  axis  tilted  30°  from  the  vertical  at 
60°/second  induced  sustained  perTotatory  nystagmus.  The  steady-state  eye  velocity  was 
similar  to  that  reached  in  B  after  tilting.  The  postrotatory  response  was  absent  when  the 
subject  was  stopped  in  the  off-vertical  position.  Note  that  the  response  in  C  is  the 
summation  of  the  slow-phase  velocities  in  A  and  B. 


vertical  axis  (Figure  4A).  The  difference  between  the  postrotatory  nystagmus 
velocity  following  rotation  about  vertical  (Figure  3A)  and  off-vertical  axes 
(Figure  3B)  approximated  the  steady-state  value  of  eye  velocity  achieved  during 
off-vertical  axis  rotation  (Figure  3C).  This  indicates  that  the  jumps  in  eye  velocity 
at  the  beginning  and  end  of  the  responses  were  approximately  equal.  This  is 
consistent  with  the  interpretation  that  VUIth  nerve  activity  due  to  cupula 
deflection  during  and  after  deceleration  had  summated  with  activity  stored 
during  off-vertical  rotation  to  reduce  postrotatory  eye  velocity. 

Storage  of  activity  related  to  slow-phase  eye  velocity  during  off-vertical  axis 
rotation  was  not  achieved  instantaneously.  This  was  shown  by  the  following 
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experiment.  An  animal  was  rotated  at  60°/second  about  a  vertical  axis  in 
darkness  until  the  perrotatory  nystagmus  had  decayed  to  zero  (Figure  4A).  The 
rotation  axis  was  tilted  30°  at  t  -  0  (Figure  4B)  as  rotation  continued.  This 
induced  nystagmus,  which  gradually  built  to  a  steady-state  level.  The  time 
constant  of  the  rise  was  in  the  range  of  8-15  seconds.  The  steady-state  slow-phase 
velocity  achieved  by  tilting  during  rotation  (Figure  4B)  was  identical  to  the 
steady-state  eye  velocity  achieved  when  rotation  began  in  the  off-vertical 
position  (Figure  4C).  This  shows  that  it  is  not  necessary  to  have  an  initial  step  of 
eye  velocity  when  rotating  about  an  off-vertical  axis  for  nystagmus  to  appear  or 
be  maintained.  It  also  shows  that  the  mechanism  that  maintains  nystagmus 
during  off-vertical  axis  rotation  has  a  charging  time  constant  in  the  range  of  8-15 
seconds. 

The  discharge  time  constant  of  activity  stored  during  off-vertical  rotation  was 
determined  in  a  similar  fashion,  i.e.,  by  tilting  the  rotation  axis  back  to  the  vertical 
during  continuous  rotation  in  darkness  after  a  steady-state  velocity  was  reached 
(Figure  4B,  t  - 1,)-  The  discharge  time  constant  was  also  in  the  range  of  8-15 
seconds.  With  repeated  testing,  habituation  occurred  and  time  constants  of 
charge  and  discharge  became  shorter.  They  were  smaller  for  large  tilt  angles  and 
higher  velocities  of  rotation.  On  initial  testing,  the  rising  and  falling  time 
constants  of  the  nystagmus  were  similar;  but  over  time,  some  animals  developed 
an  asymmetry  in  the  rise  and  fall  of  nystagmus.  Generally,  the  rise  time  was 
shorter  than  the  fall  time.  The  decay  rate  of  nystagmus  induced  by  rotation  about 
an  off-vertical  axis  after  the  axis  of  rotation  was  moved  to  the  vertical  (Figure  4B) 
was  similar  to  that  of  postrotatory  nystagmus  after  vertical  axis  rotation  (Figure 
4A).  It  was  also  comparable  to  the  decay  time  constant  of  optokinetic  after¬ 
nystagmus  (OKAN).1  This  suggests  that  the  same  storage  mechanism  that  gener¬ 
ates  nystagmus  during  visual  and  vestibular  stimulation  about  vertical  axes5  is 
utilized  to  store  velocity  information  and  generate  continuous  nystagmus  during 
off-axis  rotations. 

Off-vertical  axis  rotation  not  only  had  an  important  effect  on  continuing 
perrotatory  nystagmus  and  reducing  postrotatory  nystagmus,  it  also  conditioned 
the  dynamics  of  the  postrotatory  response.  The  time  constant  of  the  postrotatory 
response  was  shortened  to  a  range  of  3-6  seconds  (Figure  2B).  The  final  value 
depended  somewhat  on  the  orientation  of  the  head  with  regard  to  gravity  at  the 
time  of  stopping.  The  response  dynamics  were  similar  to  that  of  postrotatory 
nystagmus  in  light  after  rotation  about  a  vertical  axis.5  In  both  cases,  the  time 
constants  were  approximately  equal  to  the  dominant  time  constant  of  activity  in 
semicircular  canal  afferents  ”  This  suggests  that  the  storage  mechanism  was  not 
accumulating  activity  during  the  postrotatory  period  after  off-vertical  axis  rota¬ 
tion. 

The  reduced  storage  capability  was  not  due  to  the  orientation  of  the  head 
during  the  postrotatory  nystagmus.  If  the  animal  was  tilted  30°  but  rotated  about  a 
vertical  axis  (Figure  5B),  the  per-  and  postrotatory  nystagmus  decayed  to  zero  just 
as  when  the  animal  was  upright  (Figure  5A).  Although  the  animal  was  tilted,  the 
rotational  axis  was  vertical  and  there  was  no  rotating  gravity  vector  relative  to  the 
head.  In  Figure  5C  the  animal  was  stopped  in  the  same  position  as  that  of  Figure 
5B,  but  after  off-vertical  axis  rotation,  the  time  constant  of  the  velocity  decline  of 
the  postrotatory  nystagmus  was  short.  This  indicates  that  it  is  the  change  in  head 
position  relative  to  gravity  during  the  perrotatory  phase  that  is  responsible  for  the 
postrotatory  effect  on  the  storage  integrator. 

It  was  not  necessary  to  rotate  the  animal  about  an  off-vertical  axis  to  produce 
enhancement  of  perrotatory  nystagmus.  Similar  enhancement  was  obtained 
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when  animals  were  rotated  about  a  vertical  axis  while  they  were  oscillated 
slowly  in  the  fore-aft  direction  about  a  horizontal  axis  (Figure  6).  For  this  purpose 
another  turntable  was  used.  The  horizontal  axis  on  this  turntable  is  located  above 
the  platform.  Continuous  nystagmus  developed  when  animals  were  oscillated  in 
the  pitch  plane  with  a  cycle  time  of  from  6-20  seconds  during  constant-velocity 
rotation.  This  shows  that  under  appropriate  conditions,  addition  of  a  dynamic 
acceleration  vector  perpendicular  to  the  axis  of  rotation  has  a  similar  effect  as 
off-vertical  axis  rotation  in  sustaining  perrotatory  nystagmus. 
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Figure  5.  Per-  and  postrotatory  nystagmus  induced  by  a  step  in  velocity  of  90°/second. 
The  upper  trace  is  horizontal  EOG,  the  second  trace  is  the  vertical  EOG,  and  the  third  trace 
is  slow-phase  eye  velocity.  In  A,  the  animal  had  vertical  axis  rotation.  In  B,  it  had  vertical 
axis  rotation  but  was  tilted  30°.  In  C,  the  animal  was  rotated  about  an  off-vertical  axis  tilted 
30°  from  the  vertical.  It  was  stopped  in  the  same  right-side-down  position  as  in  B.  Note  the 
slow  decline  in  nystagmus  after  vertical  axis  rotation  and  the  rapid  decline  after  off-vertical 
rotation. 


Although  tilts  during  perrotatory  nystagmus  caused  nystagmus  velocity  to  be 
maintained  (Figure  6),  tilts  during  the  postrotatory  phase  when  the  animal  was 
stationary  had  the  opposite  effect:  they  caused  a  decline  in  slow-phase  velocity. 
A  typical  example  is  shown  in  Figure  7B.  The  animal  was  tilted  backward  25° 
during  postrotatory  nystagmus.  This  caused  a  prompt  decline  in  the  velocity  of 
the  horizontal  postrotatory  nystagmus.  The  decline  had  a  latency  of  about  1 
second  and  occurred  over  a  period  approximately  equal  to  the  duration  of  the  tilt. 
At  the  conclusion  of  the  tilt,  the  remaining  eye  velocity  fell  at  approximately  the 
time  constant  of  the  nystagmus  in  the  untilted  condition  (Figure  7A).  The 
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Figure  6.  Per-  and  postrotatory  nystagmus  induced  by  oscillation  in  the  fore-aft  direction 
about  a  horizontal  axis  (pitch  axis)  while  the  animal  was  being  rotated  at  constant  velocity 
about  a  vertical  axis  in  darkness.  The  top  trace  is  the  vertical  EOG,  the  second  trace  is 
horizontal  EOG,  the  third  trace  is  horizontal  slow-phase  eye  velocity,  the  fourth  trace  is  the 
yaw-axis  position  of  the  table,  and  the  fifth  trace  is  the  pitch-axis  position.  Note  the 
continuous  nystagmus  during  constant-velocity  yaw-axis  rotation  and  the  shortened  postro¬ 
tatory  nystagmus  when  the  animal  was  decelerated. 
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Figure  7.  Effects  of  tilt  out  of  the  plane  of  nystagmus  during  postrotatory  nystagmus  (B) 
and  OKAN  (D).  The  normal  responses  are  shown  in  A  and  C.  When  the  animal  was  tilted 
during  postrotatory  nystagmus  (B)  or  during  OKAN,  the  decline  in  nystagmus  was  faster 
than  in  the  corresponding  normal  responses  (A,  C). 
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discharge  of  nystagmus  did  not  depend  on  the  direction  in  which  the  animal  was 
tilted.  The  change  in  nystagmus  velocity  was  the  same  if  the  animal  was  tilted 
forward  or  back  over  the  same  angle  at  the  same  acceleration.  Similar  declines 
were  seen  during  OKAN  (Figure  7D  and  E).  This  shows  that  activity  in  the 
storage  integrator  was  “dumped"  by  moving  the  head  out  of  the  plana  of  the 
ongoing  nystagmus.  It  provides  further  support  for  the  contention  that  OKN  and 
vestibular  nystagmus  utilize  a  common  storage  mechanism.5 


Discussion 

The  persistence  of  nystagmus  during  off-vertical  axis  rotation  indicates  that 
the  labyrinths  were  being  continuously  excited  by  relative  motion  of  the  head 
with  regard  to  gravity.  The  finding  that  nystagmus  did  not  disappear  immediately 
when  the  animal  was  moved  to  the  upright  position  while  still  rotating  (Figure 
4B)  shows  that  stored  activity  induced  during  the  off-vertical  axis  rotation  has 
contributed  to  the  production  of  nystagmus.  Evidence  of  storage  also  was 
manifest  in  the  difference  between  the  peak  velocities  of  the  postrotatory 
nystagmus  after  off-vertical  and  vertical  axis  rotation  (Figure  3).  These  findings 
raise  the  questions:  Where  in  the  labyrinth  does  the  activity  originate?  How  is  the 
storage  of  velocity  information  achieved? 

Canal  afferents  do  not  show  maintained,  direction-specific  responses  during 
constant-velocity  rotation  about  an  earth-horizontal  axis.’4  Therefore,  it  is 
unlikely  that  the  signal  that  produces  continuous  nystagmus  during  off-vertical 
axis  rotation  originates  in  the  semicircular  canals.  The  otolith  organs,  particularly 
the  utricle,  are  more  likely  candidates,61516  since  they  would  be  stimulated  by 
yaw  rotation  about  off-vertical  axes.  Otolith  afferents  are  acceleration  sensitive 
and,  due  to  their  rapid  dynamics,  generate  positional  information  about  the 
attitude  of  the  head  with  regard  to  gravity.17  23  However,  this  positional  informa¬ 
tion  by  itself  would  be  unable  to  produce  nystagmus  withoui  further  processing  to 
convert  it  into  a  velocity  command  signal.1,5  2425 

Under  dynamic  conditions,  i.e.,  during  stimulation  with  a  rotating  accelera¬ 
tion  vector,  the  activity  of  some  utricular  or  saccular  units  can  be  related  to  head 
velocity.  These  are  the  irregular  adapting  otolith  units.1719  However,  velocity 
information  in  these  units  is  weak  and  relatively  imprecise,  and  it  is  unlikely  that 
they  could  be  responsible  for  the  careful  matching  of  eye  velocity  to  head 
velocity  that  occurs  for  off-vertical  axis  rotations  up  to  50-60°/second  (Figure 
3B).  Moreover,  if  the  velocity  command  signal  depended  primarily  on  velocity 
information  in  otolith  afferents,  it  would  imply  that  the  precise,  robust  head- 
position  signal,  which  is  the  dominant  information  generated  by  the  otolith 
organs,  is  ignored.  This  is  unlikely. 

Alternatively,  we  would  propose  that  the  velocity  command  signal  that 
produces  the  nystagmus  is  formed  in  the  central  nervous  system  by  detecting  a 
moving  pattern  that  occurs  as  utricular  afferents  with  different  polarization 
vectors  are  excited  sequentially  by  a  rotating  gravity  vector.  Thp  command 
velocity  could  be  generated  by  determining  the  speed  of  the  moving  pattern. 
Ideally  this  would  be  equal  to  head  velocity. 

The  storage  of  activity  related  to  the  velocity  command  signal  must  also  take 
place  centrally.  The  response  time  constant  of  utricular  afferents  is  about  15 
mseconds.17  This  is  much  too  rapid  for  them  to  play  a  direct  role  in  storing  activity 
or  canceling  the  postrotatory  response  induced  by  canal  excitation  during 
deceleration  after  off-vertical  axis  rotation.  Instead,  the  velocity  storage  mecha- 
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nism  that  generates  nystagmus  during  visual  and  vestibular  stimulation1,5  is 
probably  utilized  as  an  intermediate  stage  in  generating  slow-phase  eye  velocity. 
In  support  of  this,  the  time  constant  of  decay  in  slow-phase  velocity  when  the 
animal  was  moved  to  the  vertical  after  rotating  about  a  tilted  axis  (Figure  4B)  was 
similar  to  the  time  constant  of  nystagmus  after  steps  of  velocity  about  a  vertical 
axis  (Figure  4A)  or  during  OK  AN. 

Previous  analysis  has  shown  that  both  the  visual  system  and  the  semicircular 
canals  couple  to  the  oculomotor  system  through  the  velocity  storage  mechanism 
and  through  direct  pathways.  The  presence  of  direct  pathways  is  indicated  by 
rapid  changes  of  eye  velocity  in  response  to  steps  of  stimulus  velocity.  The 
indirect  pathways  that  contain  the  storage  mechanism  induce  slower  changes  in 
eye  velocity  and  hold  these  velocities  after  the  end  of  stimulation.  As  shown  in 
Figure  3B,  only  slow  changes  in  eye  velocity  are  produced  by  steps  of  tilt.  This 
implies  that  the  head-velocity  signal  obtained  from  processing  activity  in  the 
otolith  organs  couples  predominantly  to  the  integrator.  There  appears  to  be  little 
contribution  of  direct  pathways  to  generation  of  a  sustained  velocity  command. 
There  are  direct  pathways  from  the  otolith  organs  to  the  oculomotor  system.26-28 
They  probably  carry  positional  information  that  functions  to  deviate  the  eyes, 
and  do  not  induce  sustained  nystagmus.  A  change  in  eye  position  due  to 
excitation  of  direct  otolith-oculomotor  pathways  during  horizontal  and  off- 
vertical  axis  rotation67,9  could  be  responsible  for  the  oscillations  in  eye  velocity 
during  the  nystagmus  induced  by  off-vertical  axis  rotations. 

The  organization  of  the  mechanism  that  reduces  eye  velocity  when  the 
animal  was  tilted  during  postrotatory  nystagmus  is  not  clear.  Activity  that  causes 
the  tilt-related  changes  probably  couples  to  the  integrator  through  the  “dump” 
mechanism  that  is  utilized  by  the  visual  system  to  suppress  vestibular  nystagmus 
and  OKAN.1 5  One  difference  between  visually  induced  and  vestibularly  induced 
dumps  is  that  there  is  no  rapid  fall  in  slow-phase  velocity  during  tilt  suppression. 
This  suggests  that  direct  pathways  responsible  for  rapid  changes  in  eye  velocity 
are  not  utilized  during  the  tilt  dumps.  If  activity  that  initiated  the  dumps  arose  in 
the  otolith  organs,  it  would  be  consistent  with  the  data  of  Figure  4B,  which 
suggest  that  direct  otolith-oculomotor  pathways  do  not  carry  an  eye-velocity 
command  signal.  The  finding  that  OKAN  and  vestibular  nystagmus  are 
discharged  in  the  same  way  by  tilts  as  by  visual  fixation  further  indicates  that  the 
visual  and  vestibular  systems  share  a  common  integrator,  which  is  utilized  in 
visual-vestibular  as  well  as  in  vestibulo-vestibular  interactions. 

An  important  question  that  must  be  answered  in  modeling  otolith-oculomotor 
activation  is  whether  there  is  an  eff  rence  from  eye  velocity  to  the  velocity 
command  signal  to  form  a  closed-loop  system,  or  whether  the  system  operates  in 
an  open-loop  fashion.  The  rise  and  fall  times  of  slow-phase  velocity  when 
animals  were  moved  to  and  from  tilted  axes  during  continuous  rotation  were 
approximately  the  same,  and  the  gain  for  off-vertical  axis  rotation  was  close  to 
unity  for  stimulation  velocities  up  to  50-60°/second.  This  suggests  that  the  system 
is  operating  in  an  open-loop  fashion. 

From  these  considerations,  we  would  formulate  the  organization  of  nystag¬ 
mus  induced  by  steps  of  velocity  during  off-vertical  axis  rotation  to  be  as  follows. 
Initially  during  rotation,  the  semicircular  canals  drive  the  eyes  in  a  compensatory 
fashion  and  information  from  the  otolith  organs  that  is  centrally  constituted  to 
represent  head  velocity  with  regard  to  gravity  is  canceled.  As  the  velocity  signal 
from  the  cupula  wanes,  the  central  otolith  velocity  command  continues  to  excite 
the  velocity  storage  integrator.  This  drives  the  eyes  for  as  long  as  rotation 
continues.  During  acceleration,  the  cupula  is  deflected  in  the  opposite  direction. 
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Its  activity  is  summed  with  that  in  the  storage  integrator  to  reduce  the  after¬ 
response.  The  time  constant  of  the  storage  integrator  is  reduced  so  that  there  is 
virtually  no  storage  of  activity  in  response  to  the  cupula  deflection  at  the  end  of 
rotation.  The  inference  that  the  response  to  off-vertical  axis  rotation  utilizes 
mainly  the  velocity  storage  integrator  to  produce  slow  changes  in  eye  velocity 
suggests  that  it  functions  primarily  to  aid  the  VOR  in  generating  a  sustained 
head-velocity  signal  in  the  absence  of  vision. 

It  is  of  interest  that  a  similar  type  of  continuous  excitation  is  produced  by 
oscillating  the  head  during  vertical  axis  rotation.  This  type  of  movement  induces 
Coriolis  forces  as  well  as  forces  of  gravity  on  the  otolith  organs.  In  addition  there 
is  excitation  of  the  vertical  canals  as  their  planes  are  moved  into  the  plane  of 
rotation  while  the  horizontal  canals  are  moved  out  of  the  plane  of  rotation.  The 
extent  to  which  each  contributes  to  the  generation  of  nystagmus  is  speculative. 
However,  both  off-axis  rotation  and  oscillating  the  head  during  vertical  axis 
rotation  appear  to  excite  the  velocity  storage  integrator  to  generate  continuous 
nystagmus.  Both  types  of  excitation  elicit  dynamic  ocular  reflexes  that  enhance 
the  ocular  compensatory  response  to  head  movement.  These  reflexes  also  would 
be  of  value  in  perceiving  head  movement  and  making  postural  readjustments  in 
the  absence  of  vision. 
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Introduction 

The  function  of  the  human  vestibulo-ocular  system  is  expressed  most 
distinctly  by  the  jumbling  phenomenon  appearing  in  cases  with  bilateral  loss  of 
labyrinthine  excitability.3  In  these  cases,  the  patients  can  see  visual  objects 
clearly  when  they  themselves  are  at  rest,  but  cannot  recognize  objects  distinctly 
while  in  motion,  for  example,  when  walking  or  running.  This  indicates  that  the 
human  vestibulo-ocular  eflex  works  to  perceive  periodic  accelerations  imposed 
upon  the  head,  to  induct,  eye  movements,  and  to  maintain  visual  fixation  on 
targets  during  motion.  Therefore,  examination  of  the  ability  to  induce  eye 
movements  corresponding  to  periodic  head  movements  at  various  frequencies 
would  appear  to  be  a  promising  way  to  examine  the  vestibulo-ocular  system. 

From  this  point  of  view,  we  attempted  to  determine  a  transfer  function  of  the 
vestibulo-ocular  system  in  humans.  In  the  present  investigation,  a  vertical  eye 
tracking  test,  an  up-down  test,  and  a  running  test  in  the  dark  and  light  were 
carried  out  to  obtain  Bode  plots  of  transfer  functions  of  the  opto-oculomotor, 
otolithic  oculomotor,  and  opto-otolithic  oculomotor  systems. 


Methods 

Vertical  Eye  Tracking  Test 

The  subject  was  asked  to  follow  the  upward-downward  movement  of  a  light 
spot  projected  on  a  screen.  The  target  movement  and  eye  movement  were 
simultaneously  recorded  by  a  two-channel  pen-writing  recorder  and  a  magnetic 
tape  recorder  for  about  two  minutes.  The  target  movement  was  made  as  random 
as  possible,  with  variations  of  ±10°  of  visual  angle  and  a  frequency  range  of  0.1  to 
5  Hz. 


Up-Down  Test 

The  subject  was  requested  to  sit  on  an  ascending-descending  stool  with  his 
head  and  trunk  fixed.  A  repetitive  vertical  displacement  was  given  to  the  subject, 
and  upward  and  downward  head  movements  and  vertical  eye  movements  were 
recorded  simultaneously  for  two  minutes.  The  movement  of  the  stool  was 
performed  pseudorandomly,  with  an  amplitude  range  of  ±17  cm  and  a  frequency 
range  of  0.1  to  5  Hz.  The  head  movement  was  recorded  by  tracking  the  movement 
of  a  light  spot  attached  to  the  head,  by  the  aid  of  a  television  camera.  An 
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electro-oculographic  technique  was  used  to  record  the  eye  movement.  The  test 
was  performed  in  the  dark  and  light  with  the  eyes  open.  The  test  in  the  dark  was 
performed  in  a  dark  room.  The  subject  wore  blackout  goggles,  but  was  asked  to 
keep  his  eyes  open.  For  the  test  in  the  light,  the  subject  was  asked  to  fix  his  vision 
upon  a  spot  at  a  distance  of  one  meter. 

Running  Test 

The  subject  was  asked  to  run  in  place  with  the  rhythm  changed  arbitrarily. 
The  right-left,  forward-backward,  and  upward-downward  movements  of  the 
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Figure  1.  Data  processing. 


head  and  vertical  movement  of  the  eye  induced  by  running  were  recorded  with 
the  aid  of  a  five-channel  telemeter.  Three-dimensional  head  movement  was 
recorded  with  three  accelerometers  attached  to  a  helmet  that  the  subject  wore. 
The  test  was  performed  in  the  dark  and  light.  The  test  conditions  were  the  same 
as  those  for  the  up-down  test. 


Data  Processing 

From  the  signals  recorded  on  the  magnetic  tapes,  the  transfer  function  for 
each  system  was  calculated  using  a  specially  designed  program  with  a  PDP-12 
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computer.  (See  Figure  1.)  Then  the  gain  and  phase  were  expressed  as  a  Bode  plot 
on  a  cathode  ray  tube.  The  Bode  plot  was  expressed  in  the  frequency  range  from 
0.1  to  12.5  Hz  in  0.1-Hz  steps.  However,  the  evaluation  was  made  for  a  frequency 
range  from  0.1  to  5.0  Hz,  because  the  power  of  the  input  signal  was  low  in  any 
frequency  range  exceeding  5  Hz. 

In  calculating  the  transfer  function,  target  displacement  was  used  as  input 
and  eye  displacement  as  output  in  the  eye  tracking  test,  and  head  displacement 
was  used  as  input  and  eye  displacement  as  output  in  the  up-down  test.  The 
transfer  function  was  calculated  with  the  right-left,  forward-backward,  and 
upward-downward  head  acceleration  as  input,  and  eye  displacement  as  output, 
in  the  running  test. 


Subjects 

Ten  healthy  male  adults  and  five  patients  with  bilateral  loss  of  labyrinthine 
excitability  were  examined. 


Results 

Vertical  Eye  Tracking  Test  and  Up-Down  Test  in  Healthy  Adults 

Figure  2  shows  records  obtained  from  a  normal  subject.  The  upper  figure  is  a 
record  of  the  eye  tracking  test.  In  portions  where  frequency  of  target  movement 
was  low,  the  eye  movement  was  in  accordance  with  the  target  movement.  In 
portions  where  the  frequency  was  high,  the  amplitude  of  the  eye  movement  was 
smaller  than  that  of  the  target  movement.  The  middle  figure  indicates  a  record  of 
the  up-dow n  test  in  the  dark.  It  is  difficult  to  find  any  eye  movement  correspond¬ 
ing  to  head  movement  that  was  low  in  frequency.  On  the  other  hand,  the  higher 
the  frequency  of  head  movement,  the  more  distinct  the  eye  movement;  at  such 
times,  the  amplitude  of  the  eye  movement  was  larger  than  that  of  the  head 
movement.  The  phase  of  head  movement  was  almost  opposite  to  that  of  eye 
movement.  The  lower  figure  is  a  record  of  the  up-down  test  in  the  light.  In 
portions  where  head  movement  was  at  low  and  middle  frequencies,  eye  move¬ 
ment  with  s  milar  amplitude  appeared,  but  with  a  phase  opposite  that  of  head 
movement.  When  head  movement  was  of  high  frequency,  it  was  possible  to  find 
an  eye  movement  with  an  amplitude  larger  than  that  of  the  head  movement. 

Figure  3  shows  averaged  Bode  plots  obtained  from  healthy  adults  in  the  eye 
tracking  test  and  the  up-down  test  in  the  dark  and  light.  The  mean  and  standard 
deviations  are  also  given.  The  upper  figures  are  averaged  Bode  plots  of  the 
vertical  opto- oculomotor  system  obtained  by  the  vertical  eye  tracking  test.  When 
the  frequency  exceeded  1  Hz,  the  gain  decreased  and  the  phase  was  prolonged. 
The  vertical  opto-oculomotor  system  has  an  innate  ability  to  follow  the  target 
movement  up  to  1  Hz.  The  middle  figures  are  averaged  Bode  plots  of  the  otolithic 
oculomotor  system  obtained  in  the  up-down  test  in  the  dark.  The  gain  increased 
linearly  at  a  rate  of  20  dB/decade  with  an  increase  of  frequency  from  0.7  to  5  Hz. 
The  phase  curve  was  relatively  flat,  indicating  a  phase  lag  of  180  degrees.  Thus, 
the  otolithic  oculomotor  system  performs  a  derivative  control  in  inducing  eye 
movement  by  head  displacement.  The  lower  figures  show  averaged  Bode  plots  of 
the  opto-otolithic  oculomotor  system  obtained  in  the  up-down  test  in  the  fight. 
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Figure  2.  Records  obtained  from  vertical  eye  tracking  test  (ETT)  and  up-down  test 
(UDT1  in  a  healthy  adult  male. 


The  gain  and  phase  were  relatively  flat  in  the  frequency  ranges  from  0.3  to  2.5 
Hz.  Moreover,  when  the  frequency  exceeded  2.5  Hz,  the  gain  increased  with  the 
increase  in  frequency.  Visual  tracking  capability  increased  to  high  frequency  in  a 
cooperative  action  of  the  opto-oculomotor  and  otolithic  oculomotor  systems 
rather  than  by  action  of  the  opto-oculomotor  system  alone.  This  indicates  that  the 
otolithic  oculomotor  system  plays  an  important  role  in  visual  fixation  during  head 
movement  whose  frequency  exceeds  1  Hz.  Moreover,  when  the  frequency  of  the 


60 


Annals  New  York  Academy  of  Sciences 


vertical  eye  tracking  test  isp«t  -  vertical  target  noveaent 

(opto-oculomotor  system)  oot^t :  vertical  eye  aoveaeat 


20 

gain 

90 

id  n 

I 

5  lOHi 

dt>  u 

0.1  V 

. ’ 

U  " 

-20 

—90*~ 

phase 


up-down  test  in  the  light  input :  vertical  kcad  diaplaceaeat 

(opto*otolithic  oculomotor  system)  ^  „e  aiwpj.ce.nt 

20  r 


90; 


phase 


-..I.,  IlniilililAslif  .  ,  , 


Ficure  3.  Averaged  Bode  plots  of  transfer  function  obtained  from  vertical  eye  tracking 
test  and  up-down  test  in  10  healthy  adults. 


head  exceeds  2.5  Hz,  the  otolithic  oculomotor  reflex  predominates  over  the 
opto-oculomotor  reflex. 


Vertical  Eye  Tracking  Test  and  Up-Down  Test  in  Patients 
with  Bilateral  Loss  of  Labyrinthine  Excitability 

Figure  4  shows  records  obtained  from  the  test  of  a  patient  with  bilateral  loss 
of  labyrinthine  excitability  due  to  streptomycin  intoxication.  The  upper  figure  is  a 
record  of  the  eye  tracking  test.  In  portions  where  the  frequency  of  the  target 
movement  was  low,  eye  movement  corresponded  to  target  movement.  The 
middle  figure  is  a  record  of  the  up-down  test  in  the  dark.  Eye  movement 
corresponding  to  head  movement  was  not  observed.  The  lower  figure  is  a  record 
of  the  up-down  test  in  the  light.  We  note  here  eye  movement  corresponding  to 
head  movement. 

Figure  5  shows  Bode  plots  obtained  from  the  tests  of  this  same  patient.  As 
shown  in  the  upper  figures,  gain  and  phase  curves  obtained  by  the  eye  tracking 
test  are  similar  to  those  of  normal  subjects.  The  middle  figures  are  Bode  plots 
obtained  in  the  up-down  test  in  the  dark.  Values  of  the  gain  and  phase  were 
scattered.  The  frequency-dependent  gain  enhancement  that  was  observed  in  the 
Bode  plot  in  normal  subjects  is  not  observed  here.  The  lower  figure  is  a  Bode  plot 
obtained  by  the  up-down  test  in  the  light.  Gain  values  were  low  and  scattered 
compared  to  the  gain  diagram  obtained  from  action  of  the  opto-oculomotor 
system  alone,  which  is  indicated  in  the  upper  figure.  This  result  suggests  that  loss 
of  the  otolithic  oculomotor  reflex  causes  a  disturbance  in  the  action  of  the 
opto-oculomotor  system  during  up-down  movement. 

Three  of  the  five  patients  showed  similar  results.  However,  two  cases  showed 
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a  periodic  eye  movement  in  the  up-down  test  in  the  dark,  indicating  a  dispersion 
of  the  gain  and  phase  values.  These  two  cases  had  suffered  a  loss  of  bilateral 
labyrinthine  excitability  for  about  10  years. 


Running  Test  in  Healthy  Adults 

Figure  6  shows  records  obtained  from  running  tests  in  the  dark  and  light.  In 
both  records,  the  right-left,  forward-backward,  and  upward-downward  accelera- 


vertical  eye  tracking  test 


Figure  4.  Records  obtained  from  vertical  eye  tracking  test  and  up-down  test  in  a  patient 
with  bilateral  loss  of  labyrinthine  excitability. 
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Figure  5.  Bode  plots  obtained  from  vertical  eye  tracking  test  and  up-down  test  in  a 
patient  with  bilateral  loss  of  labyrinthine  excitability. 


tions  were  present  in  the  head  movement.  The  upward-downward  acceleration 
was  the  strongest  and  most  striking.  Moreover,  a  vertical  eye  movement  corre¬ 
sponding  to  the  vertical  head  movement  was  observed.  In  the  portion  of  the  head 
movement  exhibiting  a  high  frequency,  the  amplitude  of  the  eye  movement 
became  larger  than  that  of  the  head  movement. 

Figure  7  indicates  average  Bode  plots  of  the  transfer  function  obtained  in  the 
running  tests  in  the  dark  and  light.  In  addition,  the  averaging  was  done  assuming 
that  the  gain  at  1  Hz  was  0  dB.  The  transfer  function  was  calculated  with  the 
vertical  head  acceleration  as  input  and  the  vertical  eye  movement  as  output.  As 
shown  in  the  upper  left  figure,  the  gain  obtained  by  the  test  in  the  dark  linearly 
decreased  with  increase  of  frequency  from  0.3  to  3  Hz.  The  inclination  was  about 
40  dB/decade  in  the  frequency  range  from  0.3  to  1  Hz.  It  decreased  in  the  portion 
where  the  frequency  was  higher  than  1  Hz.  The  phase  hovered  near  zero, 
indicating  that  eye  displacement  had  the  same  phase  as  the  head  acceleration. 
This  Bode  plot  was  calculated  with  the  head  acceleration  as  input  and  the  eye 
displacement  as  output.  Therefore,  the  result  indicates  that  eye  displacement  is 
almost  in  proportion  to  head  displacement.  As  shown  in  the  lower  figures,  the 
Bode  plots  obtained  by  the  test  in  the  light  are  similar  to  those  of  the  test  in  the 
dark.  However,  the  decrease  in  gain  was  more  linear  than  that  in  the  dark.  The 
result  indicates  that  during  running  in  the  light,  eye  movement  is  proportional  to 
head  displacement  in  the  frequency  range  from  0.3  to  3  Hz.  Moreover,  the 
vertical  eye  movement  was  in  proportion  to  the  vertical  head  movement  even 
when  the  running  test  was  conducted  in  the  dark.  This  finding  indicates  that  in  a 
daily,  active  movement  such  as  running,  the  otolithic  oculomotor  system  induces 
eye  movement  proportional  to  head  displacement  without  cooperation  of  the 
opto-oculomotor  system. 

The  transfer  function  was  calculated  with  right-left  and  forward-backward 
head  acceleration  as  input  and  with  vertical  eye  movement  as  output  (Figure  8). 
The  gain  was  not  linear,  and  the  phase  was  more  dispersed  than  in  the  Bode  plot 


Tokita  et  al. :  Otolithic  Oculomotor  System 


63 


obtained  with  the  upward-downward  head  acceleration  as  input  and  the  vertical 
eye  movement  as  output.  Accordingly,  this  shows  that  vertical  eye  movement  is 
the  main  response  to  the  vertical  head  acceleration. 

Running  Test  in  Patients  with  Bilateral  Loss  of  Labyrinthine  Excitability 

Figure  9  indicates  records  of  the  running  tests  in  a  patient  with  bilateral  loss 
of  labyrinthine  excitability  due  to  streptomycin  intoxication.  The  patient 
complained  of  the  jumbling  phenomenon.  As  shown  in  the  upper  figure,  the 

running  test  in  the  dark 


running  test  in -the  light 


Ficure  6.  Records  obtained  from  running  test  in  a  healthy  adult  male. 
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Ficure  7.  Averaged  Bode  plots  of  transfer  function  obtained  from  running  test  in  10 
healthy  adults.  Input:  vertical  head  acceleration.  Output:  vertical  eye  displacement. 

record  obtained  from  the  running  test  in  the  dark  indicated  a  rhythmic  eye 
movement  corresponding  to  the  vertical  head  acceleration.  In  spite  of  loss  of 
labyrinthine  function,  periodic  vertical  eye  movement  was  induced.  The  findings 
were  observed  in  all  five  cases  with  bilateral  loss  of  labyrinthine  excitability.  The 
lower  figure  indicates  a  record  of  the  running  test  in  the  light.  Vertical  eye 
movement  corresponding  to  vertical  head  acceleration  is  noticed. 


input  I  right- left  head  acceleration 


input  :  foward-backward  head  acceleration 
output  :  vertical  eye  displacement 


Ficure  8.  Averaged  Bode  plots  of  transfer  function  obtained  from  running  test  in  10 
healthy  adults.  Input:  right-left,  forward-backward,  upward-downward  head  acceleration. 
Output:  vertical  eye  displacement. 
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Figure  10  shows  Bode  plots  obtained  from  the  case  presented  in  Figure  9. 
The  gain  and  phase  diagrams  obtained  from  the  eye  tracking  test  are  similar  to 
those  of  normal  subjects.  Gain  and  phase  obtained  from  the  running  test  in  the 
dark  are  shown  in  the  middle  of  the  figure.  Values  of  gain  and  phase  are 
dispersed.  The  linear  decrease  of  gain  with  increase  of  frequency,  which  was 
observed  in  the  gain  diagram  of  normal  subjects,  is  not  present.  This  finding 
indicates  that  regular  eye  movement  corresponding  to  head  movement  is  lost. 
Gain  obtained  in  the  running  test  in  the  light  indicated  a  decrease  with  increase 
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Figure  9.  Records  obtained  from  running  test  in  a  patient  with  bilateral  loss  of 
labyrinthine  excitability. 
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of  frequency.  However,  values  of  gain  and  phase  were  not  well  controlled.  The 
scatter  in  gain  was  seen  not  only  in  the  frequency  range  of  more  than  1  Hz,  but 
also  in  the  frequency  range  of  less  than  1  Hz,  where  the  opto-oculomotor  system 
plays  a  major  role  in  visual  fixation.  This  suggests  that  loss  of  otolithic  oculomotor 
reflexes  causes  a  disturbance  in  the  functioning  of  the  opto-oculomotor  reflexes 
during  running  in  the  light.  These  are  objective  measures  of  the  jumbling 
phenomenon. 


Discussion 

There  have  been  several  studies  of  dynamic  characteristics  of  the  otolithic- 
oculomotor  system.  The  mathematical  model  of  the  otolith  was  reported  by  Meiry 


Ficure  10.  Bode  plots  obtained  frm  running  test  in  a  patient  with  bilateral  loss  of 
labyrinthine  excitability. 


and  Young  and  Meiry.7”  Electrophysiological  studies  on  the  response  of  the 
peripheral  otolith  neurons  to  a  sinusoidal  force  in  squirrel  monkeys  were 
reported  by  Fernandez  and  Goldberg.''  They  indicated  that  units  that  were 
irregular  in  their  sensitivity  to  a  1-g  force  showed  a  20-fold  frequency-dependent 
gain  enhancement  over  the  spectrum  from  0  to  2.0  Hz.  The  dynamics  of  the 
otolithic  system  in  humans  were  observed  in  counterrolling  by  Kellog;  in  the 
sinusoidal  component  of  barbecue  nystagmus  by  Benson  and  Bodin  and  Correia 
and  Guedry;  in  eye  movement  produced  by  sinusoidal  linear  acceleration  by 
Niven,  Hixson,  and  Correia  and  Vidic  et  al.;  and  in  subjective  detection  in  the 
direction  of  the  vertical  movement  by  Malcolm  and  Melvill  Jones  and  Melvill 
Jones  and  Young.12588  10 

In  dealing  with  the  vertical  otolithic  response,  Malcolm  and  Melvill  Jones 
and  Melvill  Jones  and  Young  reported  difficulty  in  subjective  detection  of  the 
direction  of  the  vertical  movement.88  Niven,  Hixson,  and  Correia  mentioned  that 
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horizontal  nystagmus  appeared  during  periodic  linear  acceleration,  and 
presumed  that  an  effective  stimulus  might  be  a  dynamic  change  of  the  linear 
acceleration  component.1 2 3 4 5 6 * * 9  However,  they  recognized  no  vertical  nystagmus.  Vidic 
et  di.  observed  eye  movement  during  a  repeated  vertical  displacement  at  a 
periodicity  of  two  seconds.10  They  found  that  there  was  very  little  smooth  eye 
movement  during  imagined  fixation  in  the  dark,  and  that  a  brief  fla.>h  of  fixed 
light  increased  the  amplitude  of  eye  movement. 

These  investigations  suggest  that  any  vertical  otolithic  response  would  not  be 
distinct.  We  have  clarified  the  dynamic  characteristics  of  the  vertical  otolithic 
response  because  we  observed  the  otolithic  oculomotor  response  in  a  frequency 
range  higher  than  that  observed  by  previous  investigators  and  during  an  up- 
down  movement  of  small  amplitude  that  did  not  induce  nystagmus. 

Two  of  five  patients  with  bilateral  loss  of  labyrinthine  excitability  exhibited 
periodic  eye  movements  in  the  up-down  test  in  the  dark,  and  all  five  cases 
showed  a  periodic  eye  movement  in  the  running  test  in  the  dark.  This  is  reflected 
in  the  scatter  in  the  gain  and  phase  values,  and  suggests  that  there  may  be  factors 
other  than  the  otolithic  oculomotor  response  producing  the  eye  movements 
observed  in  the  up-down  and  running  tests.  We  suppose  that  eye  movements  are 
induced  also  by  the  cervico-ocular  reflex,  central  programming,  and  inertial 
force. 


Summary 

Vertical  eye  tracking  test,  up-down  test,  and  running  test  in  the  dark  and  light 
were  carried  out  to  obtain  Bode  plots  of  transfer  function  of  the  opto-oculomotor, 
otolithic  oculomotor,  and  opto-otolithic  oculomotor  systems. 

1.  The  gain  and  phase  of  the  opto-oculomotor  system  obtained  from  the 
vertical  eye  tracking  test  were  flat  in  a  frequency  range  of  0.3  to  1.0  Hz. 

2.  During  the  up-down  test  in  the  dark,  the  gain  of  the  otolithic  oculomotor 
system  linearly  increased  at  the  rate  of  20  dB/decade  with  an  increase  of 
frequency  from  0.7  to  5  Hz. 

3.  During  the  up-down  test  in  the  light,  the  gain  and  phase  were  flat  in  a 
frequency  range  of  0.3  to  2.5  Hz. 

4.  The  transfer  function  calculated  with  vertical  head  acceleration  as  input 
and  vertical  eye  movement  as  output  in  the  running  test  in  the  dark  was  similar  to 
that  in  the  light.  The  gain  linearly  decreased  at  the  rate  of  40  dB/decade  with 
increase  of  frequency  from  0.3  to  3.0  Hz.  During  running,  eye  displacement  is 
almost  in  proportion  to  the  head  displacement  in  both  dark  and  light.  In  daily, 
active  movement  such  as  running,  eye  movement  proportional  to  head  displace¬ 
ment  appears  without  collaborative  action  of  the  opto-oculomotor  system. 

5.  All  five  patients  with  bilateral  loss  of  labyrinthine  excitability  exhibited  a 
similar  opto-oculomotor  response  to  that  of  normal  subjects.  Three  of  the  five 
patients  did  not  show  any  eye  movement  corresponding  to  head  movement  in  the 
up-down  test  in  the  dark.  However,  two  patients  showed  a  periodic  eye 
movement  in  the  same  test,  indicating  dispersion  of  the  gain  and  phase  values. 

6.  These  patients  exhibited  a  rhythmic  eye  movement  corresponding  to  head 

movement  in  the  running  test  in  the  dark  and  light.  However,  values  of  gain  and 

phase  obtained  in  both  tests  were  scattered.  The  variations  in  gain  obtained  from 

the  running  test  in  the  light  were  observed  in  frequency  ranges  above  and  below 

1  Hz. 


68  Annals  New  York  Academy  of  Sciences 

References 

1.  Benson,  A.  |.  &  M.  A.  Bodin.  1966.  Interaction  of  linear  and  angular  accelerations  on 

vestibular  receptors  in  man.  Aerosp.  Med.  37: 144-154. 

2.  Correia,  M.  ].  &  F.  E.  Guedry,  Jr.  1966.  Modification  of  vestibular  responses  as  a 

function  of  rate  of  rotation  about  an  earth-horizontal  axis.  Acta  Otolaryngol.  62: 
298-308. 

3.  Dandy,  W.  E.  1941.  The  surgical  treatment  of  Meniere's  disease.  Surg.  Gynecol. 

Obstet.  72:  421-425. 

4.  Fernandez,  C.  &  J.  M.  Goldberg.  1976.  Physiology  of  peripheral  neurons  innervating 

otolith  organs  of  the  squirrel  monkey.  J.  Neurophysiol.  39:  996-1008. 

5.  Kelloc,  R.  S.  1965.  Dynamic  counterrolling  of  the  eye  in  normal  subjects  and  in 

persons  with  bilateral  labyrinthine  defects,  fn  Publication  No.  SP-77:  195-202. 
National  Aeronautics  and  Space  Administration.  Washington,  D.C. 

6.  Malcolm,  R.  &  G.  Melvill  Jones.  1974.  Erroneous  perception  of  vertical  motion  by 

humans  seated  in  the  upright  position.  Acta  Otolaryngol.  77:  274-283. 

7.  Meiry,  J.  L.  1958.  The  vestibular  system  and  human  dynamic  space  orientation.  Sc.D. 

Thesis.  Massachusetts  Institute  of  Technology.  Cambridge,  Mass. 

8.  Melvill  Jones,  G.  &  L.  R.  Young.  1978.  Subjective  detection  of  vertical  acceleration,  a 

velocity-dependent  response?  Acta  Otolaryngol.  85:  45-53. 

9.  Niven,  J.  I.,  W.  C.  Hixson  &  M.  ].  Correia.  1966.  Elicitation  of  horizontal  nystagmus  by 

periodic  linear  acceleration.  Acta  Otolaryngol.  62: 429-441. 

10.  Vidic,  T.  R„  J.  S.  Barlow,  C.  M.  Oman,  J.  R.  Tole,  A.  D.  Weiss  &  L.  R.  Young.  1976. 

Human  eye  tracking  during  vertical  and  horizontal  motion.  Neurosci.  Abstr. 
(Revised)  No.  1536: 1062. 

11.  Young,  L.  R.  &  J.  L.  Meiry.  1968.  A  revised  dynamic  otolith  model.  Aerosp.  Med.  39: 

606-608. 


*w=wr  *M*e**“ 


BINOCULAR  COUNTERROLLING  IN  HUMANS 
WITH  UNILATERAL  LABYRINTHECTOMY 
AND  IN  NORMAL  CONTROLS 

Shirley  G.  Diamond  and  Charles  H.  Markham 

Reed  Neurological  Research  Center 
University  of  California  School  of  Medicine 
Los  Angeles,  California  90024 


e 


%■- 

ij 

■*. 


Ocular  counterrolling  (OCR)  is  the  reflex  torsion  of  the  eyes  about  their  visual 
axes  in  the  direction  opposite  to  the  head  as  it  is  rolled  about  its  naso-occipital 
axis.  Considered  to  be  mediated  by  the  otolith  receptors  in  the  utricle,1'3  OCR  is 
an  observable  behavior  that  invites  inferences  on  the  complex  functions  of  the 
inner  ear.  More  than  75  years  of  effort  have  been  devoted  to  the  seemingly 
simple  task  of  comparing  OCR  in  persons  with  known  unilateral  lesions  to  that  of 
normal  persons,  focusing  on  the  amplitude  of  OCR  under  static  tilt.  The  contra¬ 
dictory  results  of  the  several  studies,  as  reviewed  below,  suggest  that  this  measure 
is  not  a  productive  parameter  in  detecting  unilateral  otolith  dysfunction. 

Barany  is  credited  with  first  introducing  OCR  to  the  clinic  in  1906. 45  He 
examined  the  response  in  normals  and  in  deaf-mutes,  and  felt  that  OCR  was 
regulated  by  the  semicircular  canals.  In  1925,  Kompanejetz  examined  OCR  in  48 
deaf-mutes,  tilting  their  heads  30°  to  the  right  and  looking  at  both  eyes  “simulta¬ 
neously"  (actually  sequentially).5  He  separated  his  patients  into  two  groups,  one 
having  some  response  to  caloric  or  rotatory  stimulation,  and  the  other  group 
having  none.  He  found  the  presence  and  absence  of  OCR  in  both  groups  and 
therefore  concluded  that  OCR  was  innervated  from  a  point  independent  of  the 
semicircular  canals.  He  further  observed  that  OCR  may  be  different  in  the  two 
eyes,  suggesting  that  “in  an  asymmetrically  injured  otolith  apparatus,  a  distur¬ 
bance  of  the  associated  eye  movements  may  occur,  manifesting  itself  in  different 
angles  for  the  two  eyes  in  counterrolling.”5 

A  few  years  later,  Kompanejetz  looked  at  100  normal  subjects  to  see  if  both 
eyes  performed  equally.6  He  observed  that  there  was  more  OCR  in  the  right  eye 
when  the  head  was  inclined  to  the  right  and  more  in  the  left  eye  when  the  head 
was  inclined  to  the  left.  He  also  found  that  both  eyes  showed  more  OCR  on  tilt  to 
the  right  than  on  tilt  to  the  left.  He  considered  it  normal  to  find  differences  of  5° 
in  a  given  eye  when  tilted  to  either  side,  or  of  3-4°  between  the  two  eyes  when 
the  head  was  tilted  to  one  side.  Unfortunately,  this  study  differed  in  design  and 
followed  his  work  in  the  deaf-mute  patients,  so  he  was  unable  to  make  compara¬ 
ble  observations  in  persons  with  labyrinthine  defects.  He  wrote,  “It  is  regrettable 
that  up  to  now  we  have  not  succeeded  in  commanding  such  methods  [for  the 
otolith  apparatus]  as  may  be  used  for  examining  the  functions  of  the  semicircular 
canals.”6  Today,  more  than  50  years  later,  we  may  say  the  same. 

Many  investigators  over  the  years  have  studied  OCR  in  a  variety  of  experi¬ 
mental  designs.  In  1936,  Gollas  studied  seven  patients  with  unilateral  labyrin¬ 
thine  and  cochlear  destruction.7  He  held  them  at  20,  40,  60,  and  90°  positions  on 
both  sides  and  examined  OCR  in  both  eyes.  He  found  that  tipping  to  the  side  of 
the  lesion  resulted  in  normal  OCR,  but  that  tipping  to  the  contralateral  side  I 

produced  much  less  OCR.  He  found  no  difference  in  the  two  eyes. 

In  1963,  Miller  and  Graybiel  compared  OCR  in  9  normal  persons  to  10 
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subjects  with  bilateral  defects  and  deafness  caused  by  meningitis.6  All  the  deaf 
persons  had  absent  caloric  responses.  Miller  and  Graybiel  tilted  subjects  to  25, 
50,  and  75°  on  either  side,  held  them  at  each  position  for  some  minutes,  and 
photographed  the  right  eye.  They  found  that  normal  subjects  had  a  mean 
maximum  OCR  of  4.75  to  7.75°  to  either  side,  and  it  was  the  same  for  both 
directions  of  tilt.  In  the  patients,  they  found  maximum  means  ranging  from  0.5  to 
3.0°  to  a  side.  Two  of  these  bilaterally  affected  patients  had  no  OCR  in  either 
direction;  one  had  OCR  only  to  right  tilt.  These  investigators  observed  that 
significant  amounts  of  OCR  remained  in  several  of  the  patients,  ascribed  it  to 
residual  otolith  function,  and  stated  that  demarking  the  OCR  responses  in  these 
patients  from  normals  was  difficult. 

In  a  later  work,  Miller  studied  three  patients  with  unilateral  dysfunction  from 
Meniere’s  disease  and  streptomycin  therapy,  finding  that  two  had  OCR  symmet¬ 
ric  to  both  sides  and  one  had  more  OCR  when  tilted  to  his  diseased  ear.9 
Nonetheless,  Miller  concluded  that  diagnosis  of  unilateral  loss  of  otolith  function 
as  reflected  in  an  asymmetrical  OCR  response  to  rightward  or  leftward  tilt 
appeared  possible.  He  said,  “The  reflex  act  of  the  eyes  rolling  conjugately  about 
their  lines  of  sight  appears  the  most  valid  indicator  of  otolith  activity.’’9  (As  none 
of  his  studies  looked  at  both  eyes,  the  reference  to  conjugate  activity  is  unclear.) 

In  1971,  Krejcova  et  al.  looked  at  OCR  in  intact  rhesus  monkeys  and  following 
serial  labyrinthectomies.10  They  found  5-7°  OCR  to  either  side  in  the  intact 
animals  whether  tipped  to  45  or  to  90°.  An  intact  animal  that  had  had  8°  OCR 
when  tipped  to  the  left,  had  only  2°  three  weeks  after  the  left  labyrinth  was 
destroyed.  When  tilted  to  the  right,  OCR  was  unchanged  from  the  preoperative 
state.  The  right  labyrinth  was  then  destroyed;  and  one  week  later,  tipping  the 
animal  to  the  right  produced  OCR  of  1.5°  compared  to  4.5°  in  the  intact  condition. 
Krejcova  et  al.  concluded  that  OCR  is  induced  mainly  by  the  downward  utricle. 
They  also  found  that  OCR  was  not  different  in  the  presence  or  absence  of  vision. 

Nelson  and  Cope  tilted  35  normal  subjects  50°  to  either  side,  looked  at  both 
eyes  in  separate  observations,  and  found  means  of  5.4  to  6.5°  in  each  eye  to  each 
side."  They  looked  at  11  patients  with  benign  postural  vertigo  and  found  that  tilt 
toward  the  side  that  produced  the  vertigo  resulted  in  significantly  less  OCR  than 
did  tilt  to  the  “good”  side.  These  workers  referred  to  the  “persistent,  static  nature 
of  OCR  with  sustained  head  tilt”  but  did  not  offer  support  for  this  assertion."  On 
the  contrary,  a  figure  in  this  paper  showing  60  consecutive  measures  of  a  subject 
held  in  a  stationary  position  reveals  only  five  of  these  to  be  the  same  as  the 
previous  measurement,  with  the  range  varying  3.25°. 

Nelson  and  House  noted  that  earlier  studies  on  the  effect  of  unilateral 
vestibular  injury  had  given  conflicting  reports  of  decreased  OCR  on  tilt  toward 
the  diseased  side  or  decreased  OCR  on  tilt  to  the  normal  side,  or  no  consistent 
asymmetry.12  Examining  magnitude  of  OCR  in  21  patients  with  unilateral  laby- 
rinthectomy  or  total  nerve  section,  Nelson  and  House  looked  at  both  eyes,  one  at 
a  time.12  They  found  that  mean  OCR  of  each  eye  for  either  direction  was  3°, 
significantly  different  from  the  6°  mean  of  normals.  They  found  a  tendency 
(apparently  not  significant)  for  less  OCR  on  tilt  to  the  side  of  the  lesion  in  68%  of 
the  eyes  measured,  the  reduction  being  greatest  in  the  downward  eye.  Six 
patients  who  had  had  selective  sections  of  the  superior  vestibular  nerve  (the 
portion  believed  to  innervate  the  utricle),  with  preservation  of  the  inferior 
vestibular  nerve,  showed  essentially  normal  magnitude  of  OCR.  Nelson  and 
House  again  found  a  tendency  to  less  OCR  on  tilt  to  the  lesioned  side.  Of  17 
patients  with  Meniere’s  disease  or  positional  vertigo,  13  (76%)  had  less  OCR  on 
tilt  to  the  involved  side,  particularly  in  the  downward  eye.  Nelson  and  House 
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summarized  their  findings  by  stating  that  OCR  activity  was  halved  by  complete 
loss  of  one  labyrinth  or  vestibular  nerve,  with  a  slight  trend  to  less  OCR  on  tilt 
toward  the  injured  ear, 

A  1975  study  by  Kanzaki  looked  at  the  right  eye  as  patients  were  tipped  30°  to 
either  side.’3  Kanzaki  stated  that  postoperative  cases  of  acoustic  neuroma  (num¬ 
ber  of  cases  is  unclear,  but  may  be  four)  showed  that  OCR  toward  the  diseased 
ear  was  almost  absent  and  that  in  two  preoperative  cases  of  acoustic  neuroma, 
OCR  toward  the  normal  side  was  greatly  reduced  while  OCR  toward  the 
diseased  side  was  normal.  To  express  these  findings  in  terms  of  directions  of 
head  tilt  rather  than  directions  of  eye  movements,  one  would  infer  that  postoper¬ 
ative  cases  showed  reduced  OCR  when  tilted  to  the  normal  side  and  preopera¬ 
tive  cases  showed  reduced  OCR  when  tilted  to  the  diseased  side. 

A  later  study  by  Kanzaki  and  Ouchi,  examining  OCR  in  patients  who  were 
positioned  at  30  or  45°,  found  that  in  seven  postoperative  cases  of  unilateral  total 
loss  of  labyrinthine  function  (five  of  these  with  acoustic  tumors),  the  patients 
showed  reduced  OCR  when  tilted  to  the  diseased  side.’4  Six  preoperative  cases  of 
acoustic  neuroma  were  also  studied,  and  of  these,  two  were  found  to  have 
abnormal  (presumably  reduced)  OCR  when  tilted  to  the  normal  side,  two  had 
abnormal  OCR  when  tilted  to  the  diseased  side,  and  two  had  no  abnormalities. 
As  these  findings  are  opposite  to  the  laterality  reported  in  the  earlier  Kanzaki 
paper,13  a  conclusion  is  uncertain. 

Kanzaki  and  Ouchi  summarized  OCR  in  75  cases  of  unilateral  inner  ear 
disease  and  found  9  persons  with  abnormal  or  suspicious  OCR  when  tilted  to  the 
diseased  side  and  11  with  abnormal  or  suspicious  OCR  when  tilted  to  the  healthy 
side.14  This  is  a  total  of  20  cases,  and  presumably  55  patients  showed  no 
abnormality  in  OCR  magnitude.  These  investigators  concluded  that  judgment  of 
pathology  must  be  based  on  differences  between  OCR  on  right  and  left  tilt  rather 
than  on  magnitude  alone.  Values  below  2°  in  either  tilt  were  regarded  as 
abnormal,  and  differences  between  the  two  sides  of  5°  at  30°  tilt  or  4°  at  45°  tilt 
were  regarded  as  suspicious  of  otolith  dysfunction.  The  direction  of  the  asymme¬ 
try  remained  contradictory. 

To  summarize  the  past  attempts  to  determine  the  principles  governing  OCR  in 
cases  of  unilateral  utricular  dysfunction,  one  finds  that  these  studies  have 
focused  on  magnitude  and  asymmetry  of  OCR  under  conditions  of  static  tilt. 
Attempts  to  correlate  the  side  of  the  reduced  OCR  or  asymmetry  with  side  of 
injury  have  produced  contradictory  results.  Further,  a  significant  number  of 
cases  of  known  unilateral  vestibular  nerve  section  have  shown  neither  asymme¬ 
try  nor  reduced  magnitude.  See  Table  1  for  a  summary  of  findings. 

It  is  clear  that  examining  magnitude  of  OCR  when  persons  are  tipped  and 
held  at  a  given  position  has  not  proved  to  be  a  fruitful  approach  in  detecting 
unilateral  otolith  dysfunction,  despite  persistent  application  of  this  method  over 
the  last  75  years.  Earlier  studies  in  our  laboratory  suggested  that  other  parameters 
in  OCR  profiles  while  subjects  are  undergoing  dynamic  rotation,  examining  both 
eyes  simultaneously,  may  be  more  sensitive  delineators  of  pathology.15  The 
present  study  examines  the  profiles  of  OCR  in  both  eyes  of  patients  with 
unilateral  labyrinthectomies  and  of  normal  controls  during  dynamic  roll. 

Methods 

Subjects  were  securely  strapped  into  a  large,  motor-driven  tilting  apparatus. 
The  centers  of  the  pupils  were  aligned  horizontally,  the  head  positioned  and 
stabilized  by  a  bite  bar.  The  upper  part  of  the  face  was  photographed  with  a 
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Table  1 

Magnitude  of  Ocular  Counterrolling  in  Previous  Studies  of  Patients  with 
Unilateral  Inner  Ear  Disease 

Magnitude  of  OCR 


Tilt  to  Tilt  to 

Investigator  Lesioned  Side  Normal  Side 


Gollas  (1936r 

normal 

reduced 

Miller  (1969)“ 

2/3  patients 

normal 

normal 

1/3  patients 

increased 

normal 

Krejcova  et  al.  (1971)*° 

reduced 

normal 

Nelson  &  Cope  (1971)" 

reduced 

normal 

Nelson  &  House  (1971  )12 

reduced 

reduced 

Kanzaki  (1975)'3 

preop 

reduced 

normal 

postop 

normal 

reduced 

Kanzaki  &  Ouchi  (1978)" 

preop 

2/6  patients 

normal 

reduced 

2/6  patients 

reduced 

normal 

2/6  patients 

normal 

normal 

postop 

reduced 

normal 

9/75  patients 

reduced 

normal 

11/75  patients 

normal 

reduced 

55/75  patients 

normal 

normal 

camera  rigidly  attached  to  the  rotating  device  while  subjects  were  rolled  about 
their  naso-occipital  axes.  The  tilting  apparatus  and  camera  are  described  in 
detail  elsewhere.15  Subjects  were  rotated  at  a  constant  velocity  of  3°/second  to 
90°  right-ear  down,  held  steady  for  30  seconds,  rolled  in  the  opposite  direction  to 
90°  left-ear  down,  held  30  seconds,  and  brought  back  to  the  upright  position  (trial 
I).  Without  stopping,  the  procedure  was  repeated  (trial  II).  Acceleration  and 
deceleration  during  the  first  and  last  20°  of  rotation  were  calculated  as  0.21°/ 
second2. 

Subjects  were  instructed  to  fixate  on  the  center  of  the  camera  lens,  and 
photographs  were  taken  at  each  10°  of  roll,  and  at  each  10  seconds  while 
motionless  at  the  90°  tilt  positions.  A  strobe  flash,  triggered  to  fire  0.5  seconds 
before  each  photograph  was  taken,  constricted  the  pupils  and  provided  almost 
constant  pupil  size  for  photography. 

Each  eye  was  measured  independently,  using  a  dual  projector  system 
described  earlier  in  which  the  image  of  the  counterrolled  eye  was  rotated  until  it 
exactly  superimposed  the  image  of  the  eye  in  the  horizontal  control  position.15 
The  practical  accuracy  of  this  measurement  system  is  0.25°. 

Six  patients  with  unilateral  vestibular  nerve  sections  underwent  testing. 
These  were  3  men  and  3  women,  aged  28  to  62  years,  who  had  had  surgery 
performed  2  to  12  years  prior  to  testing.  Normal  controls  consisted  of  12  persons,  7 
men  and  5  women,  aged  23  to  59  years. 

Results 

Examining  amplitude  related  to  head  tilt,  the  traditional  parameter  of  OCR, 
our  normal  subjects  showed  a  range  of  2.5-11.0°  when  tipped  to  one  side,  these 


Diamond  &  Markham:  Binocular  Counterrolling 


73 


maxima  being  achieved  between  30°  and  90°  of  body  tilt.  The  total  amplitude, 
side  to  side,  ranged  from  7.5-21.5°.  The  difference  in  amplitude  of  OCR  between 
the  two  directions  of  tilt  in  these  subjects  ranged  from  0-6.5°. 

In  patients  with  unilateral  vestibular  nerve  sections  2-12  years  previous,  OCR 
amplitude  ranged  from  0.5-13.8°  when  tipped  to  one  side,  with  maxima  between 
20°  and  90°  of  body  tilt.  Total  amplitude  side  to  side  ranged  from  4.5-22.3°.  The 
difference  in  amplitude  of  OCR  between  the  two  directions  of  tilt  in  these 
patients  ranged  from  0-12.0°,  with  no  clear  correlation  with  the  side  of  the 
lesion. 

In  brief,  the  ranges  of  the  normal  persons  fell  entirely  within  the  ranges  of  the 
patients,  the  overlap  preventing  any  differentiation  between  the  two  groups  in 
terms  of  these  criteria. 

Looking  at  the  data  in  terms  of  binocular  OCR  profiles  during  dynamic  tilt, 
Figure  1  illustrates  a  typical  pattern  for  D.S.,  a  41-year-old  man.  As  he  was  tipped 
to  90°  right-ear  down,  both  eyes  rolled  smoothly  and  conjugately  to  a  maximum 
of  -6.5  and  -7°  at  70°  of  tilt.  As  he  was  brought  back  up  through  0°  to  the 
opposite  side,  his  OCR  profile  continued  smooth  and  mostly  conjugate,  especially 
in  the  20°  at  either  side  of  upright.  He  reached  a  maximum  of  +6.5  and  +7.25  at 
60°  left-ear  down.  In  trial  II,  which  was  continuous  with  trial  I,  he  showed 
essentially  the  same  pattern. 

Four  characteristics  were  evident  in  profiles  of  this  and  other  normal 
subjects: 

1.  Profiles  were  consistent  from  trial  I  to  trial  II.  Although  there  was  consider¬ 
able  variability  between  subjects,  there  was  a  high  degree  of  consistency  within 
subjects,  whether  examined  with  continuous  trials  or  from  day  to  day. 

2.  The  two  eyes  were  conjugate  in  their  movements  most  of  the  time. 

3.  The  profile  was  generally  smooth  as  OCR  was  recorded  as  a  function  of  tilt. 


right  »or  down  left  ear  down  right  ear  down  left  eor  down 

DEGREES  OF  TILT 

Figure  1.  Typical  normal  ocular  counterrolling  (OCR)  response  to  two  consecutive  trials, 
each  with  subject  D.S.  rotated  at  3° /second  to  90°  right-ear  down,  held  for  30  seconds, 
rolled  in  the  opposite  direction  to  90°  left-ear  down,  held  for  30  seconds,  and  brought  back 
to  upright.  Each  eye  was  measured  independently  and  is  shown  separately.  Negative 
degrees  of  OCR  on  ordinate  represent  torsion  of  eyes  from  baseline  toward  the  left  ear, 
normally  in  response  to  tilting  the  head  toward  the  right.  Positive  is  the  opposite. 
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0  30  60  90  90  60  30  0  30  60  90  90  60  30  0  30  60  90  90  60  30  0  30  60  90  90  60  30  0 
right  ear  down  left  ear  down  right  ear  down  left  ear  down 

DEGREES  OF  TILT 

Figure  2.  Counterrolling  from  subject  L.  M.  showing  characteristics  of  consistency, 
conjugate  movement,  smoothness,  and  symmetry.  See  text  for  details. 


i 


Figure  3.  Profile  of  H.  Z„  a  58-year-old  woman  who  underwent  right  superior  vestibular 
nerve  section  in  1977.  Note  the  inconsistency  between  trial  1  and  trial  H.  Lack  of 
smoothness  and  many  disconjugate  eye  movements  can  be  seen  especially  as  the  head  is 
rotated  from  a  left-ear-down  to  a  right-ear-down  position.  Lack  of  symmetry  between 
response  to  right  tilt  and  left  tilt  is  marked. 
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4.  The  amplitude  of  OCR  was  approximately  symmetric  with  tilt  to  right  or  left 
side. 

Figure  2  shows  another  normal  profile  for  L.M.,  a  31-year-old  man,  in  which  the 
same  characteristics  were  seen. 

In  contrast,  Figure  3  shows  the  profile  of  H.Z.,  a  58-year-old  woman  with  a 
right  superior  vestibular  nerve  section  secondary  to  excision  of  an  acoustic 
neuroma  two  years  prior  to  testing,  and  demonstrates  a  lack  of  consistency  from 
trial  I  to  trial  II.  The  amplitude  of  the  left-ear-down  portion  in  trial  II  was  about 
+  14°,  compared  to  +6°  in  trial  I.  The  two  eyes  were  fairly  conjugate,  but  the 
profile  was  not  smooth,  particularly  as  she  was  brought  back  through  0°  from 
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Figure  4.  Profile  of  K.  C.,  a  28-year-old  woman  whose  right  vestibular  nerve  was 
sectioned  during  excision  of  an  epidermoid  tumor  in  1974.  Her  pattern  demonstrates 
asymmetry  and  lack  of  smoothness,  as  well  as  disconjugate  eye  movements.  Note  absence 
of  OCR  to  left  head  tilt,  in  contrast  to  H.  Z.  shown  in  Figure  3. 


right-ear  down  to  left-ear  down.  Many  abrupt  changes  of  direction  in  OCR  were 
seen,  especially  in  the  left-ear-down  portions.  The  profiles  were  not  symmetric, 
with  the  left-ear-down  portions  showing  less  consistency,  less  conjugate  move¬ 
ment,  and  less  smoothness  than  did  the  right-ear-down  portions. 

Figure  4  shows  the  OCR  profile  of  K.C.,  a  28-year-old  woman  who  had  had  a 
right  vestibular  nerve  section  secondary  to  removal  of  an  epidermoid  tumor  four 
years  prior  to  testing.  Although  the  profile  was  consistent  from  trial  I  to  trial  II,  it 
^  showed  considerable  disconjugate  movement,  the  two  eyes  as  much  as  3° 

£  different  and  moving  in  opposite  directions,  especially  in  the  left  tilts.  There  was 

,  a  notable  lack  of  smoothness,  with  several  jagged  peaks.  Asymmetry  was 
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dramatic,  with  great  amplitude  on  right  tilts  and  virtually  no  OCR  on  left  tilt, 
where  it  barely  reached  baseline  by  the  time  the  patient  was  tilted  90°.  When  she 
was  brought  upright  from  90°  left-ear  down,  her  eyes  rolled  in  the  "wrong” 
direction,  i.e.,  torsion  of  the  eyes  was  in  the  direction  of  the  roll  of  the  head  rather 
than  in  the  opposite,  or  counterrolling,  direction. 

Figure  5  shows  the  OCR  profile  of  D.M.,  a  54-year-old  man  who  had  had  a 
right  vestibular  nerve  section  for  severe  vertigo  two  years  before  testing.  The 
right  tilts  were  consistent,  smooth,  and  conjugate.  In  contrast,  left  tilt  showed 
considerable  lack  of  smoothness  in  the  right  eye  in  trial  I.  Left  tilt  in  trial  II 
showed  inconsistency  in  extreme  "wrong"-direction  movement  when  the  patient 
was  rotated  back  to  the  upright  position. 

The  OCR  profile  in  Figure  6  is  that  of  J.R.,  a  55-year-old  man  who  had  had  an 
acoustic  neuroma  removed  on  the  left  side  12  years  earlier.  The  superior  portion 
of  the  left  vestibular  nerve  had  been  sectioned,  and  the  inferior  portion 
preserved.  His  profile  showed  inconsistency  from  trial  I  to  trial  II,  with  the  right 
tilt  demonstrating  an  abrupt  return  to  baseline  by  60°  and  a  delayed  response  in 
the  comparable  portion  of  trial  II.  There  was  a  lack  of  smoothness  in  the  profile 
on  right  tilt,  compared  to  left  tilt.  Maximum  OCR  in  trial  I  was  -3°  on  right  tilt 
and  +9°  on  left  tilt.  In  trial  II,  it  was  -5.5°  on  right  tilt  and  +4°  on  left  tilt. 

The  other  two  patients  with  unilateral  nerve  sections  tested  to  date  have 
shown  OCR  profiles  similar  to  the  ones  described,  i.e.,  displaying  deficits  in  at 
least  two  of  the  criteria  of  consistency,  conjugation,  smoothness,  and  symmetry. 
In  summary,  the  profile  of  OCR  when  the  patient  was  tilted  to  the  side  opposite 
the  lesion  invariably  was  the  one  showing  aberrant  characteristics,  i.e.,  patients 
with  right  vestibular  nerve  sections  had  OCR  defects  when  the  left  ear  was  down, 
and  patients  with  left  sections  showed  abnormal  profiles  when  the  right  ear  was 
down. 


0  JO  60  9090  60  JO  0  JO  60  9090  60  JO  0  JO  60  9090  60  JO  0  JO  60  9090  60  JO  0 
right  ear  down  left  ear  down  nqhf  eor  down  left  ear  down 

DEGREES  OF  TILT 


Figure  5.  OCR  profile  of  D.  M.,  a  54-year-old  man  who  had  had  a  right  vestibular  nerve 
section  in  1977.  Notable  is  a  lack  of  smoothness  in  the  right  eye  when  he  was  tilted  to  the 
left  in  trial  I.  Lack  of  consistency  between  trials  is  apparent  when  in  trial  II.  eyes  moved  in 
“wrong"  direction  when  he  was  brought  back  to  upright  from  90°  left-ear  down.  OCR  was 
normal  when  head  was  tilted  to  the  right. 
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right  ear  down  left  ear  down  right  ear  down  let!  ear  down 

DEGREES  OF  TILT 


Figure  6.  J.  R„  a  55-year-old  man,  had  had  his  left  superior  vestibular  nerve  sectioned 
secondary  to  removal  of  an  acoustic  neuroma  12  years  before  testing.  His  OCR  profile 
showed  abnormalities  mainly  on  right  tilt,  including  lack  of  consistency  from  trial  I  to  trial 
II  (note  variation  in  magnitude  in  the  two  trials),  and  lack  of  smoothness. 


Discussion 

The  quest  for  a  diagnostic  test  of  utricular  dysfunction  has  intrigued  numer¬ 
ous  investigators  for  most  of  this  century.5'14  It  is  perhaps  premature  to  hope  that 
we  are  now  on  the  verge  of  developing  a  conclusive  determiner  of  pathology  and 
laterality  in  disorders  of  this  system,  yet  the  results  of  our  study  are  promising. 
The  behavior  of  the  OCR  mechanism  under  dynamic  conditions— studying  the 
pattern  as  a  whole— suggests  an  avenue  of  investigation  not  previously  exam¬ 
ined.  Parameters  other  than  the  ones  discussed  here  may  prove  to  be  illuminat¬ 
ing,  and  the  criteria  we  are  using  at  present  may  in  time  be  weighted  differently. 
The  major  deterrent  to  the  volume  of  investigation  necessary  to  clarify  the 
questions  still  unresolved  is  the  laborious  frame-by-frame  analysis  that  the 
present  data-reduction  system  entails.  We  currently  are  investigating  methods  of 
automating  the  measurement  of  OCR,  and  if  this  is  successful,  a  quantum 
increase  in  the  number  of  studies  may  be  expected. 

A  frequent  question  is  the  role  of  vision  in  the  OCR  response.  The  subjects 
studied  in  the  present  experiments  fixated  on  the  center  of  the  rather  large 
photographic  apparatus,  which  rotated  with  the  subject,  was  33  cm  from  the  face, 
and  occupied  the  major  portion  of  the  visual  field.  Islands  of  peripheral  vision 
were  unobscured.  Two  normal  subjects  who  had  undergone  several  tests  in  the 
standard  protocol  were  also  tested  under  a  hood  of  black  velvet.  This  condition 
eliminated  all  peripheral  visual  stimuli,  and  the  subject  was  tilted  in  complete 
darkness  interrupted  only  by  the  strobe  flashed  directly  in  front  of  his  face.  The 
OCR  profiles  of  both  subjects  under  this  condition  did  not  differ  from  their 
profiles  in  the  standard  condition.  On  the  basis  of  this  result,  we  concluded  that 
the  role  of  vision  was  minimal  at  most  in  our  studies.  This  finding  was  consistent 
with  the  results  of  Krejcova  et  a/.10 

The  conflicting  results  of  past  studies,  summarized  in  Table  1,  are  more  easily 
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understood  in  light  of  their  static  nature.  Similar  conflicting  results  were  obtained 
in  our  investigation  when  magnitude  of  response  was  examined.  For  example, 
H.Z. — with  a  right  eighth  nerve  section  (see  Figure  3) — showed  OCR  in  the  left 
eye  in  trial  II  of  -5°  at  60°  right  tilt,  and  +14°  at  60°  left  tilt,  i.e.,  far  more  OCR 
when  tilted  to  her  normal  side.  On  the  other  hand,  K.C. — who  also  had  a  right 
eighth  nerve  section  (see  Figure  4)— had  the  opposite  effect  and  showed  OCR  in 
the  left  eye  in  trial  II  of  -6.5°  at  60°  right  tilt,  and  -2.5°  (i.e.,  less  than  no  OCR)  at 
60°  left  tilt.  Plainly,  magnitude  of  response  under  static  tilt  is  unproductive  in 
differentiating  the  side  of  a  lesion.  Yet  binocular  OCR  profiles  of  both  these 
patients  under  dynamic  conditions  were  abnormal  when  consistency,  conjuga¬ 
tion,  smoothness,  and  symmetry  were  examined. 

It  is  noteworthy  that  both  in  normal  subjects  and  in  patients,  the  slopes  of  the 
profiles  were  steepest,  and  therefore  the  sensitivity  greatest,  near  the  upright 
position.  Further,  the  points  at  which  the  eyes  reached  their  baseline  positions 
did  not  materially  differ  in  the  two  groups.  Our  finding  that  persons  having  only 
one  utricle  were  similar  in  these  respects  to  persons  having  both  utricles  intact 
leads  us  to  speculate  that  the  maculae  of  the  two  utricles  are  approximately 
horizontal  and  coplanar. 

Speculating  on  the  significance  of  our  empirically  derived  criteria  differen¬ 
tiating  normal  persons  from  patients  with  known  unilateral  lesions,  we  would 
infer  that  inconsistency  and  lack  of  the  characteristics  of  conjugate  movement, 
smoothness,  and  symmetry  are  the  result  of  a  deficiency  of  correcting  input  from 
a  second  utricle.  From  our  findings  of  OCR  to  both  directions  of  tilt  in  patients 
with  unilateral  lesions,  it  is  apparent  that  each  utricle  influences  both  eyes  in 
both  directions.  The  observation  that  persons  with  unilateral  labyrinthectomy 
showed  the  more  aberrant  profile  when  they  were  tilted  to  the  intact  side  (with 
the  lesioned  ear  up)  leads  us  to  conclude  that  the  utricle  exerts  its  major  control  to 
tilt  to  the  contralateral  side,  i.e.,  the  upper  ear  is  dominant.  Studies  are  continuing 
in  our  laboratory  to  refine  these  observations. 
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Introduction 

Measurements  of  otolith  function  in  man  are  difficult  to  obtain.  Postural 
imbalances  observed  in  clinical  examinations  may  easily  be  the  result  of  semicir¬ 
cular  canal  or  nonvestibular  disorders.  Ocular  torsion  (OT)  in  response  to  static 
deviations  of  the  head  with  respect  to  gravity,  or  ocular  counterrolling,  has  long 
been  known  to  reflect  activity  of  the  otolith  organs,  but  its  use  in  research  and 
diagnosis  has  been  limited  to  a  great  extent  by  the  difficulty  of  its  measurement.1 2 
The  current  interest  in  problems  of  space  motion  sickness  and  vestibular 
adaptation  to  weightlessness  places  particular  emphasis  upon  measurement  of 
otolith  function  and  provides  the  impetus  for  the  instrumentation  and  research 
described  in  this  paper.  In  order  to  study  otolith  function  using  measurements  of 
OT,  we  improved  the  photographic  method  introduced  by  Miller  and  developed 
a  new  automatic  video  system  using  a  soft-contact-lens  target.  The  first  method 
has  been  applied  to  analysis  and  consequent  modeling  of  dynamic  ocular  torsion 
during  horizontal  linear  acceleration  on  earth  and  during  the  sudden  onset  of 
linear  acceleration  beginning  from  the  weightless  condition.  Ocular  torsion  also 
has  been  measured  during  the  onset  and  maintenance  of  visually  induced 
self-motion  on  earth  and  in  weightlessness. 

Methods 

Photographic  Analysis 

Photographic  methods  of  measurement  of  ocular  torsion  using  characteristics 
of  the  iris  or  of  scleral  blood  vessels  have  been  used  by  many  investigators  and 
are  reviewed  by  Fluur.3  The  technique  we  pursued  is  an  extension  of  the 
photographic  technique  of  Nelson  and  Cope,  in  which  iris  landmarks  are 
identified  and  located.4  In  our  method,  two  iris  landmarks  located  close  to  the 
outer  edge  of  the  pupil  are  identified,  and  the  angle  between  the  lines  connecting 
them  relative  to  the  line  between  two  head-fixed  fiducial  marks  connected  to  the 
bite  board  is  computed  for  each  photograph.5  The  OT  for  each  photograph  is  the 
difference  between  this  angle  and  the  angle  computed  for  a  reference  photo¬ 
graph.  A  Nikon  F2  35-mm  camera  with  a  250-frame  magazine  (motor  drive)  and  a 
micro-Nikkor  55-mm  lens  is  used  to  photograph  either  one  or  both  of  the  eyes.  A 


‘This  work  was  supported  in  part  by  National  Aeronautics  and  Space  Administration 
Grants  No.  NSG  2032  and  NAS  9-15343. 
fSupported  by  a  fellowship  from  the  Fannie  and  John  Hertz  Foundation. 

80 


0077-8923/81/0374-0000  SOI  .75/0©  1981,  NYAS 


Young  et  ai:  Ocular  Torsion 


81 


Figure  1.  A  sketch  showing  the  method  of  iral-fiducial  landmark  angle  definition.  The 
ocular  torsion  (OT)  was  obtained  by  calculating  «c’s  obtained  during  various  acceleration 
stimuli.  Two  control  frames  were  recorded  prior  to  each  acceleration  profile. 


reproduction  ratio  of  1:1.5  is  used  for  monocular  measurements,  and  1:2.5  for 
binocular  measurements.  Ektachrome  200  transparency  film  is  exposed  using  a 
ring  flash  and  pushed  one  stop  during  developing.  The  transparencies,  which 
include  the  fiduciary  marks  as  illustrated  schematically  in  Figure  1,  are 
projected  on  a  Hermes  Senior  film  analysis  machine,  usually  used  for  nuclear- 
particle-track  analysis.  Coordinates  of  each  point  for  multiple  measurements  of 
the  two  iris  landmarks  are  determined  manually  four  times  for  each  frame.  The 
standard  deviation  of  the  four  sets  of  ocular  torsion  angles  relative  to  the  line 
between  the  fiducial  marks  is  taken  as  a  measure  of  the  repeatability  of  the 
measurements.  The  grand  mean  of  the  standard  deviation  for  all  data  is  0.2°  in 
the  range  from  0  to  0.5°.  By  selecting  landmarks  near  the  edge  of  the  iris,  the 
effects  of  changes  in  pupil  diameter  are  minimized,  and  neither  drugs  nor 
prephotograph  dilation  is  required.  Differences  in  measurements  between  indi¬ 
vidual  scanners  have  been  determined  to  be  negligible.  The  processing  is  carried 
out  entirely  by  computer  from  the  time  of  the  original  scanning,  and  is  illustrated 
schematically  in  Figure  2.  Despite  the  partial  automation,  the  scanning  time  per 
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Figure  2.  Block  diagram  of  photographic  data  analysis  procedures.  Four  manual 
measurements  of  x-y  coordinates  of  each  of  two  iral  landmarks,  and  single  measurements 
of  the  fiducial  marks,  are  digitized,  and  punch  cards  produced.  Landmark  coordinates  are 
averaged,  tested  for  consistency,  and  converted  to  ac  for  each  frame  on  a  VAX  11/780 
computer. 
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frame  is  one  to  two  minutes  and  the  cost  per  frame  is  $1.10.  High-speed 
motion-picture  photography  is  practical  only  for  brief  periods  because  of  lighting 
limitations.  The  repetition  rate  for  our  technique  is  limited  by  the  camera  and 
flash  to  three  per  second.  Because  of  these  limitations,  we  have  carried  out  a 
long-term  program  towards  development  of  a  fully  automatic  high-sampling-rate 
OT-measurement  method  as  described  below. 


Video  Measurement  of  OT 

Automatic  analysis  of  the  orientation  of  the  eye  in  torsion  is  feasible,  and  has 
been  carried  out  in  a  preliminary  fashion  in  a  joint  effort  with  Goodyear 
Corporation,  using  only  natural  features  of  the  eye.  Practical  implementation  of 
the  fully  automatic  system  involves  a  considerable  number  of  further  technical 
developments.  We  concentrated  on  a  method  that  would  involve  minimal 


A  B 

Figure  3.  (A)  Photograph  of  video  monitor  showing  soft  lens  hair  visible  against  “bright 
pupil.”  Dark  area  is  iris.  (B)  Same  as  (A)  with  video  signal  processor-detected  coordinates  of 
hair  highlighted. 


interference  with  the  subject  and  yet  be  achievable  with  current  technology.  The 
requirements  for  high  sampling  rate  and  electronic  data  analysis  dictated  the  use 
of  a  video  system.  The  need  for  artificial  landmarks  to  be  placed  upon  the  human 
eye  called  for  the  development  of  appropriate  markers  in  a  nonslipping  contact 
lens.  A  prototype  video-image  processing  system  was  developed  for  measure¬ 
ments  of  OT  at  a  60-Hz  sampling  rate.67  The  optical  target  tracked  by  the  video 
system  consists  of  a  human  hair  mounted  within  a  soft-contact-lens  sandwich, 
located  over  a  "bright  pupil"  (Figure  3).  The  soft  lens  is  made  to  adhere 
temporarily  and  painlessly  to  the  cornea  by  application  of  distilled  water  at  5-  to 
10-minute  intervals,  thereby  changing  the  osmolarity  of  the  lens.  The  soft- 
contact-lens  sandwich  does  not  move  with  respect  to  the  iris  during  saccades, 
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blinks,  or  long-term  use.  The  lens  is  made  more  visible  against  the  "bright  pupil," 
which  is  illuminated  by  infrared  light,  and  is  viewed  by  a  low-light-level 
infrared-sensitive  (Newvicon)  camera,  as  illustrated  in  Figure  4.  Video  output  is 
processed  to  determine  the  x-y  coordinates  of  the  target  line  along  each  scan  line. 
These  coordinates  are  transmitted  to  a  minicomputer  for  subsequent  off-line 
automatic  analysis.  The  angle  between  the  line  and  the  video  reference  is 
calculated  for  each  frame.  Practical  resolution  of  the  device  in  tracking  a  contact 
lens  feature  is  approximately  0.1  to  0.3  degree.  It  has  been  successfully  applied  to 
monitoring  of  torsional  nystagmus  during  rotatory  optokinetic  stimulation. 


Ocular  Torsion  during  Horizontal  Linear  Acceleration 

Measurements  of  ocular  torsion  on  astronauts  are  planned  by  several  investi¬ 
gators  for  the  forthcoming  orbital  flights  of  Spacelab  on  the  space  shuttle.  Our 
interest  in  these  measurements  comes  first  of  all  from  the  relatively  direct  way  of 
assessing  changes  in  otolith  function  by  observing  its  response  to  transient  linear 
accelerations  early  and  late  in  a  space  mission.  Beyond  that,  however,  is  a 
fundamental  difference  between  the  type  of  otolith  stimulation  achievable  in 
weightlessness  and  the  type  that  can  be  produced  by  either  tilting  of  the  head  or 
lateral  horizontal  acceleration  on  earth.  As  illustrated  in  Figure  5A,  ocular 
torsion  on  earth,  as  usually  defined  by  ocular  counterrolling,  results  from  a 
lateral  head  tilt  with  respect  to  the  vertical  and  a  compensatory  rotation  of  the 
eye.  The  dynamic  characteristics  of  such  tilt  have  been  investigated  both  by 
transient  head  rotation  and  by  continuous  rotation  about  an  earth-horizontal 
axis." 10  During  lateral  horizontal  acceleration,  as  illustrated  in  Figure  5B,  the  net 
gravitoinertial  vector  rotates,  just  as  for  dynamic  head  rotation,  but  the  semicircu¬ 
lar  canals  are  not  stimulated  either  by  transient  angular  accelerations  or  by  the 
possible  mechanism  of  a  rotating  linear  acceleration  vector."  The  first  step  in  our 
investigation  consequently  was  to  compare  the  dynamic  characteristics  of  ocular 
torsion  in  response  to  linear  acceleration  with  those  reported  for  ocular  counter- 
roll  resulting  from  tilt.  The  second  step  in  our  investigation  is  illustrated  in 
Figure  5C,  when  a  lateral  linear  acceleration  is  applied  from  a  weightless 
exposure.  The  lateral  component  of  acceleration  now  suddenly  appears,  but  does 
not  represent  in  any  sense  a  rotation  of  the  gravitoinertial  vector,  since  this  vector 
had  zero  magnitude  and  undefined  direction  prior  to  the  initiation  of  the 
acceleration.  The  interpretation  of  the  instantaneous  direction  of  a  vertical 
reference,  any  perception  of  tilt  rather  than  linear  acceleration,  and  the  conse¬ 
quent  ocular  torsion  during  such  sudden  linear  acceleration  were  all  unknown 
prior  to  our  investigations. 

In  order  to  investigate  the  responses  of  ocular  torsion  to  linear  acceleration,  a 
ground-based  version  of  the  "space  sled"  was  constructed  at  the  Massachusetts 
Institute  of  Technology,  as  illustrated  in  Figure  6.5  The  16-foot  usable  track 
length  permits  step,  pseudorandom,  and  sinusoidal  acceleration  stimuli  up  to  a 
peak  amplitude  of  0.7  g  and  at  frequencies  up  to  2  Hz.  The  equipment  illustrated 
in  Figure  6  was  used  only  for  lateral  acceleration  in  the  studies  discussed  in  this 
paper.  The  head  was  held  in  a  foam-lined  fixation  device,  which  normally 
limited  head  movement  to  1.0°  of  rotation  and  5  mm  of  translation  during 
maximum  acceleration.  Ocular  torsion  was  measured  relative  to  the  head  using  a 
bite  stick  with  fiducial  marks,  and  the  influence  of  the  slight  ocular  torsion 
associated  with  semicircular  canal  stimulation  was  subtracted  from  the  results. 
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Figure  5.  Ocular  torsion  resulting  from  three  different  stimulus  conditions:  (A)  lateral 
head  tilt  in  a  1-g  field,  Fg;  (B)  lateral  horizontal  acceleration,  in  a  1-g  field,  produces  an 
inertial  force  F,  resulting  in  a  rotation  of  the  gravitoinertial  force  vector  (g  -  a);  (C)  lateral 
acceleration  beginning  from  a  weightless  condition  produces  onset  of  inertial  force  F,,  but 
no  rotation  of  gravitoinertial  vector. 
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Figure  6.  A  sketch  of  the  acceleration  sled  used  to  produce  lateral  acceleration  stimuli. 


Figure  7.  A  particularly  robust  example  of  ocular  torsion  in  response  to  0.2-Hz  accelera¬ 
tion.  Dashed  line  indicates  acceleration  profile,  solid  line  is  sinusoidal  fit  to  torsion  data. 
The  mean  of  four  measurements  on  each  frame  is  plotted  for  raw  data  (O)  and  for  data 
corrected  for  head  rotation  (x).  The  correction  factor  was  one-half  of  the  head  rotation 
added  algebraically  to  account  for  semicircular-canal-induced  torsion.  The  phase  lag  for 
this  fit  is  48.6°. 
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Testing  was  carried  out  at  sinusoidal  oscillations  of  0.2,  0.4,  and  1.0  Hz  at  a  peak 
amplitude  of  0.2  g.  Both  the  sinusoidal  ocular  torsion  results  and  the  response  to 
acceleration  steps  of  various  magnitudes  and  durations  were  well  matched  by  a 
simple  low-order  linear  system  with  a  dominant  time  constant  of  0.33  second  for 
the  seven  subjects  tested.12  The  transfer  function  is  closely  fit  by  the  model 
derived  by  Hannen  et  al.  for  ocular  torsion  during  head  tilt,9  and  consists  of  a 
pure  delay  ranging  from  0  to  400  mseconds  and  a  first-order  lag  of  time  constant 
of  0.33  second.  A  large  response  to  sinusoidal  oscillation  at  0.2  Hz  is  shown  in 
Figure  7,  and  a  response  to  a  0.2-g  step  acceleration  is  shown  in  Figure  8.  The 
frequency  response  for  all  subjects  and  the  related  responses  for  the  Hannen  et 
al.  and  Young-Meiry  models  are  shown  in  Figure  9.9'13 


Figure  8.  A  representative  OT  response  to  a  0.2-g  step  acceleration  for  one  subject.  (O) 
and  (x)  as  in  Figure  7.  Commanded  acceleration  is  indicated  by  the  broken  line.  The 
response  of  the  Young  and  Meiry  acceleration  perception  model  is  indicated  by  the  solid 
line.  The  transfer  function  of  their  model,  relating  input  acceleration  to  perceived 
acceleration,  is  Y(s)  -  1.5(s  +  0.076)/[(s  +  0.19)(s  +  1.5)].  The  amplitude  was  scaled  for  a 
0.3-g  step  acceleration  on  a  different  suhject;  all  other  parameters  of  the  model  are  taken 
directly  from  Young  and  Meiry.13 


Ocular  Torsion  during  Acceleration  from  Weightlessness 

The  ground-based  acceleration  tests  serve  as  reference  data  for  identical  tests 
to  he  performed  in  Spacelab.  Preliminary  measurements  in  weightlessness  were 
made  during  the  0-g  portion  of  parabolic  flight  using  the  National  Aeronautics 
and  Space  Administration’s  KC-135  aircraft.  The  transition  from  the  free-fall 
portion  of  approximately  25  seconds  duration  to  the  2-g  pullout  was  utilized  to 
produce  lateral  accelerations  in  our  subject  population.  Our  subjects  all  were 
oriented  in  a  form-fitting  evacuated  mold,  so  that  the  onset  of  linear  acceleration 
from  the  weightless  condition  appeared  laterally  along  the  y-axis  in  a  direction 
associated  with  "right-ear  down.”  If  this  orientation,  as  illustrated  in  Figure  10, 
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Figure  9.  A  Bode  plot  of  human  ocular  torsion  data.  The  solid  vertical  lines  indicate  the 
range  of  gain  data  from  Kellogg  (1965,  two  subjects  undergoing  constant  roll  rotation  about  a 
horizontal  axis).10  The  vertical  bars  with  an  open  circle  indicate  the  mean  ±  1  standard 
deviation  of  the  data  of  this  paper  (seven  subjects,  0.2-0.3  g  peak  amplitude  linear 
horizontal  acceleration).  The  broken  line  on  the  gain  plot  is  the  prediction  of  the  Young  and 
Meiry  model  (see  legend  of  Figure  8).  The  solid  line  is  the  prediction  of  the  Hannen  model. 
The  transfer  function  of  this  model  is  H(s)  -  (k  exp  -as)/(s  +  3.14)  relating  OT  to  lateral 
head  tilt.  Also  included  on  the  plot  is  an  absolute  gain  scale  (relating  OT  to  rotation  of  the 
gravitoinertial  vector)  that  is  relevant  only  for  the  data  of  this  paper.  Zero  dB  for  the  Kellogg 
data  and  for  both  models  is  referenced  to  the  measured  gain  at  0.08  Hz.  Lichtenberg  ef  al.'s 
data  are  referenced  to  match  the  Hannen  model  gain  at  0.2  Hz.  For  the  phase  plot,  all  data 
are  referenced  to  acceleration.  The  broken  line  is  again  the  prediction  of  the  Young  and 
Meiry  model;  the  solid  lines  indicate  the  predictions  of  the  Hannen  model  with  time  delays 
(a)  of  0  (upper  line)  and  400  mseconds  (lower  line). 


had  been  arrived  at  by  tilting  the  subject  to  the  right-ear-down  position  from  the 
upright,  counterclockwise  compensatory  ocular  torsion  would  appear.  Since  the 
orientation  was  arrived  at  from  the  weightless  state,  however,  in  the  absence  of 
any  rotation  of  the  gravitoinertial  vector,  the  resulting  ocular  torsion  was  not 
self-evident.  As  shown  clearly  in  Figure  11,  a  pronounced  counterclockwise 
ocular  torsion  does  appear  in  response  to  the  lateral  stimulus,  just  as  would  be  the 
case  if  the  head  were  tilted  to  this  orientation.  Since  the  final  stress  is  2  g,  the  total 
ocular  torsion  is  larger  than  would  be  seen  in  a  1-g  field.  The  sensitivity 
(approximately  0.07  radians  or  four  degrees  of  ocular  torsion  per  g  of  lateral 
acceleration)  is  about  the  same  as  that  observed  on  earth. 
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Ocular  Torsion  during  Roll  Vection:  Supine  and  in  Weightlessness 


The  final  set  of  ocular  torsion  measurements  taken  in  the  course  of  the 
KC-135  flights  involved  measurement  of  ocular  torsion  during  optokinetic  stimu¬ 
lation  about  the  roll  axis.  This  type  of  stimulation  normally  results  in  a  paradoxi¬ 
cal  sensation  of  sustained  tilt  and  rotation  about  a  horizontal  axis  on  earth.  It  can 
produce  perceptions  of  continuous  rotation  when  carried  out  about  a  vertical  axis 
with  the  subject  supine  in  the  laboratory.  When  similar  tests  were  carried  out 
during  the  brief  weightless  exposures  during  flight,  onset  latencies  of  vection 
were  found  to  be  reduced  relative  to  the  supine  one-gravity  situation,  even 
though  the  latter  presented  no  clear  conflict  between  otolith  cues  and  sustained 
rotation.1415  Experiments  with  the  creation  of  an  artificial  vertical  reference  by 
the  use  of  tactile  cues  on  the  feet  during  weightlessness  similarly  produced  an 
increase  in  latency  to  onset  of  vection.  Ocular  torsion  measurements  were  made 
in  an  attempt  to  see  whether  or  not  the  perceived  rotation  of  the  body  axis,  as 
reflected  in  the  vection  perception,  contributed  to  the  vection.1516  Large  individ¬ 
ual  differences  among  subjects  were  observed.  For  some  subjects,  as  illustrated 
by  the  example  shown  in  Figure  12,  the  measurements  indicated  that  ocular 
torsion  shifted  markedly  in  the  direction  of  field  motion  during  constant  optoki¬ 
netic  stimulation  in  weightlessness  when  the  subject  reported  the  onset  of 
vection.  The  binocular  measurements  indicated  that  the  two  eyes  moved 
synchronously,  and  torsional  nystagmus  was  noted.  However,  the  mean  eye 


Figure  10.  Photograph  of  experimental  apparatus  during  weightless  portion  of  parabolic 
flight  in  NASA's  KC-135  aircraft.  Pullout  from  the  aircraft  dive  produces  a  2-g  acceleration 
directed  toward  the  aircraft  floor. 
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position  could  not  be  correlated  to  perceived  motion  for  the  population  of 
subjects  tested,  and  our  tentative  conclusion  is  that  ocular  torsion  and  visually 
induced  tilt— though  both  stimulated  by  the  rotating  visual  field  and  both 
sensitive  to  otolith  stimulation — are  essentially  independent  processes.14,15 

Conclusion 

The  availability  of  convenient  and  accurate  methods  for  ocular  torsion 
measurement  and  analysis  has  permitted  several  investigations  of  otolith  func- 


Ficure  11.  Three  examples  ot  ocular  torsion  (counterclockwise  positive)  induced  by  the 
onset  of  gravitoinertial  force  following  approximately  30  seconds  of  weightlessness. 
Subjects  were  positioned  such  that  the  force  was  exerted  in  a  lateral  direction  (y-axis).  Solid 
line  indicates  acceleration  of  aircraft.  Solid  circles  indicate  angle  of  torsion  measured  in 
each  frame  of  photographic  data. 
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Ficure  12.  Example  of  ocular  torsion  measured  during  constant  30°/second  clockwise 
optokinetic  stimulation  about  the  visual  axis,  subject  supine  in  1  g.  First  six  measurements 
were  taken  prior  to  the  onset  of  vection,  last  five  measurements  after  the  subject  reported 
vection.  Frame  rate,  3/second.  Change  in  OT  with  vection  is  in  the  clockwise  direction. 


tion  under  normal  conditions,  as  well  as  in  unusual  acceleration  environments. 
Further  development  of  these  techniques  holds  considerable  promise  for  investi¬ 
gation  of  basic  otolith  physiology,  otolith-semicircular  canal  response  interaction, 
and  diagnostic  applications. 


Summary 

Ocular  torsion  (OT)  was  measured  in  human  subjects  during  horizontal  linear 
acceleration  on  a  sled  in  the  laboratory  and  when  emerging  from  weightlessness 
during  parabolic  flights  in  NASA's  KC-135  aircraft.  Analysis  of  the  frequency 
response  of  OT  to  sinusoidal  horizontal  oscillation  on  earth  shows  results 
consistent  with  constant  tilt  rate  studies  and  with  earlier  models  based  on 
perception  of  acceleration.  Step  responses  of  OT  to  lateral  acceleration  are 
compared  to  similar  profiles  from  aircraft  tests  with  no  preexisting  gravitoinertial 
force  on  the  otoliths.  The  sensitivity  of  OT  to  rotating  wide  fields  producing 
vection  and  to  tactile  cues  is  compared  for  earth  and  weightlessness.  A  new 
instrument  for  high  bandwidth  video  measurement  of  OT  using  a  soft-contact- 
lens  target  is  described. 
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Peripheral  afferent  fibers  from  different  end  organs  in  the  inner  ear  project  to 
distinct  areas  of  the  four  main  vestibular  nuclei:  superior,  lateral,  medial,  and 
descending  nuclei. 1-5  The  lateral  vestibular  nucleus  (LVN)  receives  its  main  input 
from  the  utricul us  and  a  minor  projection  from  the  horizontal  canal  and  sacculus, 
and  sends  its  main  efferents  to  the  spinal  cord.  The  medial  vestibular  nucleus 
(MVN)  receives  input  from  the  posterior  and  horizontal  canals,  and  sends  its 
axons  to  the  motor  nuclei  of  the  ocular  nerves  through  the  ascending  medial 
longitudinal  fasciculus.  It  is  well  documented  that  the  vestibular  nucleus  neurons 
also  receive  fibers  from  the  cerebellum,  reticular  formation,  and  spinal  cord,  and 
the  activities  of  these  neurons  are  under  control  from  the  central  areas.5 " 
However,  there  is  little  information  on  the  relationship  between  vestibulo-ocular 
and  vestibulospinal  reflexes.  Since  neurons  in  the  vestibular  nuclei  (such  as 
MVN)  have  long  axons  passing  through  other  vestibular  nuclei  (such  as  LVN) 
and  give  off  collateral  branches  in  the  vicinity  of  the  perikaryon,  Brodal  has 
suggested  that  the  neurons  in  the  vestibular  nuclear  complex  cannot  be  consid¬ 
ered  independent  and  cooperation  between  the  neurons  may  take  place.1 

We  attempted  to  determine  the  existence  of  a  direct  influence  of  the  MVN  on 
the  LVN  neurons  that  receive  input  from  the  peripheral  vestibular  nerve.  We 
used  electrophysiological  techniques  and  the  horseradish  peroxidase  (HRP) 
retrograde  transport  method. 


Materials  and  Methods 

Adult  cats  weighing  2.5-4.0  kg  underwent  surgical  procedures  after  being 
anesthetized  with  ether.  The  trachea  and  femoral  vein  were  cannulated,  and  the 
tympanic  bulla  was  exposed  using  a  ventral  approach.  A  bipolar  stainless  steel 
electrode  for  stimulation  of  the  vestibular  nerve  was  inserted  through  the  round 
window.  The  head  of  the  animal  was  fixed  in  a  stereotaxic  instrument,  and  parts 
of  the  parieto-occipital  skull  and  bony  tentorium  were  removed  to  allow  for 
insertion  of  electrodes.  After  the  operation,  the  ether  anesthesia  was  replaced  by 

‘This  work  was  supported  in  part  by  a  Grant-in-Aid  for  Scientific  Research  from  the 
Ministry  of  Education,  Science,  and  Culture,  Japan. 
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one  with  a-chloralose  (30  mg/kg  intravenous)  and  the  cat  was  immobilized  with 
gallamine  triethiodide  (5  mg/kg  per  hour,  iv).  All  wound  edges  and  pressure 
points  were  locally  anesthetized  with  8%  lidocaine  repeatedly  throughout  the 
experiment.  Respiration  was  artificially  sustained,  and  body  temperature  was 
maintained  at  36.5-37. 5°C  with  a  heating  pad. 

A  glass-insulated  silver-wire  microelectrode  with  a  resistance  of  approxi¬ 
mately  1  Mil  was  used  for  extracellular  recording  of  single  neuron  activity  in  the 
LVN  (P,  8.0;  L.  4.0;  H,  -3.5  to  -4.5)  and  the  MVN  (P,  9.0;  L,  2.5;  H,  -4.0), 
according  to  the  brain  atlas  of  Snider  and  Niemer.9  In  the  HRP  experiment,  a 
glass  micropipette  with  a  tip  diameter  of  1-2  tim  was  attached  along  the  recording 
microelectrode.  The  distance  between  the  tips  of  electrode  and  micropipette  was 
within  10  #<m.  The  micropipette  was  filled  with  a  freshly  prepared  10%  solution 
of  HRP  (Toyobo,  grade  II)  in  tris-HCI  buffer  at  pH  8.6. 

A  bipolar  stainless-steel  electrode  with  a  tip  diameter  of  0.1  mm  was  used  to 
stimulate  the  MVN  and  LVN.  When  the  typical  field  potential  composed  of  P,  N,, 
and  N2  waves  (Shimazu  and  Precht)'0  was  obtained  from  the  electrode  following 
vestibular  nerve  stimulation,  the  electrode  tip  was  preliminarily  considered  to  be 
properly  located  in  the  MVN  and  LVN.  A  square  wave  pulse  of  0.05  msecond 
duration  and  1-10  V  was  supplied  to  the  vestibular  nerve,  MVN,  and  LVN  every 
1.6  seconds,  unless  otherwise  stated.  At  least  10  successive  responses  amplified 
and  displayed  on  an  oscilloscope  (Nihon  Kohden,  VC-9)  were  photographed  with 
a  long-recording  camera.  The  statistical  significance  of  the  data  was  determined 
by  Student’s  t-test. 

When  excitatory  or  inhibitory  responses  were  obtained  in  the  LVN  neuron 
with  MVN  stimulation,  HRP  was  iontophoretically  ejected  for  1-5  minutes  with  a 
positive  current  of  100-300  nA,  using  a  microiontophoresis  programmer  (WP-I, 
Model  160).  These  procedures  resulted  in  an  extremely  restricted  deposit  and 
prevented  injury  of  nerve  fibers  in  the  LVN.  The  retaining  current  of  10-50  nA 
was  used  to  cancel  the  passive  leakage  of  HRP  from  the  pipette.  After  the 
ejection  of  HRP,  the  animal  was  allowed  to  survive  for  12-15  hours  under  deep 
anesthesia  with  supplemental  administration  of  pentobarbital  sodium  (30-40 
mg/kg  iv).  The  animal  was  then  perfused  transcardially  with  7%  formalin 
solution  in  0.1  M  phosphate  buffer  at  pH  7.3.  The  brain  was  removed,  stored  in 
0.1  M  phosphate  buffer  containing  30%  sucrose  for  48-72  hours,  then  sectioned  at 
40-60  #tm  on  a  freezing  microtome.  The  sections  were  treated  with  benzidine  or 
tetramethylbenzidine  in  the  presence  of  hydrogen  peroxide,  then  briefly  washed 
in  30%  cold  methanol  and  mounted  on  gelatin-coated  glass  and  counterstained 
with  neutral  red. 

Other  details  of  the  electrophysiological  procedure  were  as  described  else¬ 
where.”12 


Results 

Effects  of  MVN  Stimulation  on  LVN  Neurons  Activated  by 
Vestibular  Nerve  Stimulation 

The  LVN  neurons  were  classified  into  two  groups,  mono-  and  polysynaptic 
neurons,  according  to  the  response  pattern  to  vestibular  nerve  stimulation.13  The 
effects  of  MVN  stimulation  were  examined  on  monosynaptic  neurons  that  fired 
spikes  superimposed  on  the  N,  wave  of  field  potential.  A  typical  example  is 
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demonstrated  in  Figure  1A.  The  mean  spike  latency  was  1.1  ±  0.1  (standard 
error)  mseconds  (n=18),  and  the  spikes  could  not  follow  a  high-frequency 
stimulation  over  50  Hz  (Figure  1A,  and  1A2).  When  the  stimulus  was  applied  to 
the  MVN,  a  spike  generation  was  also  obtained  in  these  18  LVN  neurons, 
monosynaptically  elicited  by  vestibular  nerve  stimulation  (Figure  IB).  The  mean 
spike  latency  of  the  neurons  with  MVN  stimulation  was  1.1  ±  0.1  mseconds,  and 
the  spike  did  not  follow  a  high-frequency  stimulation  over  50  Hz  (Figure  IB,  and 
1B2). 


Figure  1.  Spikes  of  lateral  vestibular  nucleus  neuron  elicited  by  stimulation  of  the 
vestibular  nerve  (A)  and  medial  vestibular  nucleus  (B).  A,  and  A,:  superimposed  spikes 
following  high-frequency  stimuli  of  20  Hz  and  50  Hz  to  the  vestibular  nerve,  respectively. 
B,  and  B2:  superimposed  spikes  following  high-frequency  stimuli  of  20  Hz  and  50  Hz  to  the 
medial  vestibular  nucleus,  respectively.  Solid  triangles  indicate  the  stimulus  artifacts. 
Calibration:  2  mseconds,  0.2  mV. 


In  the  other  11  LVN  neurons  monosynaptically  activated  by  vestibular  nerve 
stimulation,  we  found  that  a  conditioning  stimulus  applied  to  the  MVN  at  various 
intervals  preceding  the  test  stimulus  to  the  vestibular  nerve  (C-T  interval) 
significantly  inhibited  the  spike  generation  with  the  nerve  stimulation  (Figure  2). 
The  inhibition  was  prominent  during  5-60  mseconds  of  the  C-T  interval  (Figure 
3).  The  mean  spike  number  of  11  LVN  neurons  was  1.5  ±  0.2  (SE)  without  the 
MVN  conditioning  stimulation,  while  the  number  was  significantly  (p  <  0.01) 
reduced  to  0.6  ±  0.2  with  the  MVN  conditioning  stimulation  10  mseconds 
preceding  the  test  stimulus  to  the  vestibular  nerve. 


96 


Annals  New  York  Academy  of  Sciences 


Figure  2.  Inhibitory  effect  of 
conditioning  stimulation  of  the 
medial  vestibular  nucleus  on 
spike  generation  of  the  lateral 
vestibular  nucleus  neuron  upon 
vestibular  nerve  stimulation.  A: 
spikes  without  conditioning 
stimulation.  B  and  C:  spikes 
disappear  with  conditioning 
stimulation  5  and  10  mseconds 
preceding  the  test  stimulus  to 
the  vestibular  nerve,  respec¬ 
tively.  Solid  triangles  indicate 
the  stimulus  artifacts  to  the 
nerve.  Calibration:  2  mseconds. 
0.2  mV. 


A 
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Figure  3.  Effects  of  conditioning  stimulation  of  the  medial  vestibular  nucleus  on  neuron 
activities  of  the  lateral  vestibular  nucleus  elicited  by  the  test  stimulus  to  the  vestibular  nerve 
at  various  conditioning  and  testing  time  intervals  (C-T  interval).  Each  point  indicates  mean 
percentage  changes  in  spike  number  of  11  neurons.  Vertical  bar  of  each  point:  standard 
error. 
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Effects  of  LVN  Stimulation  on  M VN  Neurons  Activated  by 
Vestibular  Nerve  Stimulation 

When  the  stimulus  was  applied  to  the  vestibular  nerve,  the  MVN  neurons 
fired  spikes  monosynaptically  with  a  mean  latency  of  1.6  ±  0.1  mseconds  (n=16) 
ranging  from  1.0  to  1.9  mseconds  (Figure  4A).  The  spikes  could  not  follow  a 
frequency  stimulation  of  over  50  Hz.  These  16  MVN  neurons  monosynapticallv 
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Figure  4.  Spikes  of  medial  vestibular  nucleus  neuron  elicited  by  stimulation  of  the 
vestibular  nerve  (A)  and  lateral  vestibular  nucleus  (B  and  C).  A,  and  A,:  superimposed 
spikes  following  high-frequency  stimuli  of  20  Hz  and  50  Hz  to  the  vestibular  nerve, 
respectively.  B,:  superimposed  spikes  following  high-frequency  stimuli  of  100  Hz  to  the 
lateral  vestibular  nucleus.  In  C,  collision  block  of  spikes  (arrow)  upon  lateral  vestibular 
nucleus  stimulation  occurs  with  the  preceding  orthodromic  spike  by  vestibular  nerve 
stimulation.  Solid  triangles  indicate  the  stimulus  artifacts.  Calibration:  5  mseconds,  0.2  mV 
for  A;  and  2  mseconds,  0.2  mV  for  B  and  C. 

activated  by  vestibular  nerve  stimulation  also  responded  to  LVN  stimulation  with 
a  short  and  consistent  latency  (Figure  4B).  The  mean  spike  latency  with  LVN 
stimulation  was  1.1  ±  0.1  mseconds,  and  the  spikes  followed  a  high-frequency 
stimulation  up  to  200  Hz  (Figure  4B,|.  In  addition,  collision  block  of  the  spike 
produced  by  LVN  stimulation  was  observed  with  the  preceding  spontaneous 
firing,  or  orthodromic  spike,  by  vestibular  nerve  stimulation,  as  shown  in  Figure 
4C.  These  results  indicate  that  the  spike  was  antidromically  activated  by  LVN 
stimulation. 
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HRP  Studies 

When  excitatory  or  inhibitory  effects  of  MVN  stimulation  were  obtained  on 
an  LVN  neuron  monosynaptically  activated  by  vestibular  nerve  stimulation, 
HRP  was  iontophoretically  ejected  to  the  immediate  vicinity  of  the  neuron 
recorded.  Under  these  conditions,  the  dense  core  of  HRP  reaction  product  in  the 
ejection  site  of  the  LVN  was  restricted  to  within  0.3  mm  in  diameter  and  there 
was  no  leakage  of  HRP  into  the  cerebral  peduncle,  MVN,  and  neighboring 
structures.  Figure  5  is  a  histological  picture  showing  the  ejection  site  in  the  LVN. 
The  HRP  reaction  product  was  seen  in  the  cells  in  the  immediate  vicinity  of  the 
ejection  site;  however,  a  uniform  brown  or  blue  coloration  was  not  observed 
usually  in  the  fibers  surrounding  the  ejection  site. 

HRP-positive  cells  with  stippling  of  HRP  reaction  product  were  found  in  the 


Figure  7.  High  magnification  of  horseradish  peroxidase-positive  cell  in  the  medial 
vestibular  nucleus.  Magnification:  600x. 


MVN.  The  number  of  HRP-positive  cells  in  the  MVN  was  3-8  in  a  single  section. 
A  typical  HRP-positive  cell  in  the  MVN  is  demonstrated  in  Figures  6  and  7. 


Discussion 

Stimulation  of  the  MVN  produced  a  spike  generation  with  a  short  latency  in 
the  LVN  neurons  monosynaptically  activated  by  vestibular  nerve  stimulation. 
However,  these  neurons  could  not  respond  to  a  high-frequency  stimulation  to  the 
MVN  over  50  Hz,  indicating  that  the  LVN  neurons  were  monosynaptically 
excited  with  MVN  stimulation.  These  results  suggest  that  the  LVN  neurons  might 
receive  a  direct  and,  at  least,  excitatory  input  from  the  MVN. 
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Other  LVN  neurons  monosynaptically  activated  by  vestibular  nerve  stimula¬ 
tion  were  inhibited  with  a  conditioning  stimulus  to  the  MVN.  The  inhibition 
occurred  within  5  mseconds  of  the  C-T  interval;  however,  it  remains  to  be 
determined  whether  the  inhibition  was  monosynaptically  produced.  The  possi¬ 
bility  that  the  excitatory  and  inhibitory  effects  of  MVN  stimulation  on  the  LVN 
neurons  may  have  been  due  to  stimulating  nerve  fibers  passing  through  the  MVN 
can  probably  be  ruled  out  for  the  following  reason:  the  MVN  neuron  was  excited 
by  vestibular  nerve  stimulation  with  a  short  latency,  but  the  spike  did  not  follow  a 
high-frequency  stimulation  to  the  nerve  over  50  Hz,  indicating  that  the  spike  was 
monosynaptically  activated  by  the  stimulation.  The  same  MVN  neuron  was 
antidromically  excited  by  LVN  stimulation,  as  the  spike  followed  a  high- 
frequency  stimulation  up  to  200  Hz  with  a  short  and  consistent  latency,  and  a 
collision  block  of  the  spike  did  occur. 

There  is  a  further  question  that  the  MVN  neurons  may  be  activated  by 
stimulation  of  nerve  fibers  merely  passing  through  the  LVN.  This  possibility 
cannot  be  excluded  completely,  but  the  results  of  HRP  study  strongly  suggest  the 
existence  of  direct  innervation  from  the  MVN  to  the  LVN.  When  a  small  amount 
of  HRP  was  iontophoretically  ejected  in  the  immediate  vicinity  of  an  LVN 
neuron  that  monosynaptically  received  input  from  the  vestibular  nerve,  a 
localized  deposit  of  HRP  was  obtained  in  the  LVN  and  HRP-positive  cells  were 
found  in  the  MVN,  regardless  of  the  excitatory  or  inhibitory  effects  of  MVN 
stimulation  on  the  LVN  neurons.  Nauta  et  al.  reported  that  cells  labeled  by 
retrograde  transport  were  stippled  by  the  reaction  product  of  HRP  and  evenly 
stained  cells  and  axons  were  not  labeled  by  a  physiological  uptake  and 
retrograde  transport.”  Since  the  HRP-positive  neurons  obtained  in  the  MVN 
contained  stippling,  it  seems  unlikely  that  HRP  was  taken  up  from  the  nerve 
fibers  passing  through  the  LVN. 

In  conclusion,  our  results  suggest  the  existence  of  excitatory  and  inhibitory 
input  from  the  MVN  to  the  LVN  neurons  monosynaptically  activated  from  the 
vestibular  nerve. 
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Rapid  advances  are  being  made  in  unraveling  the  substrate  for  the  generation 
and  control  of  eye  movement.118  Specifically,  the  recording  of  signals  carried  by 
individual  neurons  that  participate  in  vestibular  compensatory  eye  movements 
permits  relevant  neuronal  connectivity  and  signal  transformations  to  be  defined. 
The  head  velocity  information  of  semicircular  canal  afferents  provides  input  to 
several  interconnected  parallel  processing  systems  that  ultimately  effect  eye 
movements  via  the  control  of  the  12  extraocular  muscles.  The  direct  pathway  of 
primary  vestibular  afferent  to  central  vestibular  neuron  to  ocular  motoneuron  is 
one  such  system  that  plays  a  prominent  role  in  maintaining  gaze  during  head 
movement.1  Although  horizontal  gaze  and  vertical  gaze  are  organized  slightly 
differently,  they  share  common  mechanisms  of  information  transfer.  A  head 
velocity  signal  from  the  vestibular  labyrinth  is  transmitted  directly  to  all  six 
classes  of  extraocular  motoneurons,  while  neural  information  encoding  rapid  eye 
movement  (saccades  or  quick  phases  of  nystagmus)  travels  to  the  motoneurons 
over  different  pathways. 

Horizontal  conjugate  gaze  involves  the  cocontraction  and/or  corelaxation  of 
the  medial  rectus  extraocular  muscle  of  one  eye  and  the  lateral  rectus  of  the  other 
acting  as  a  yoked  team  in  opposition  to  the  other  pair  of  medial  and  lateral  recti. 
This  conjugation  of  the  medial  and  lateral  recti  of  the  two  eyes  is  a  product  of 
physiologic  activity  transmitted  from  the  abducens  nucleus  to  the  contralateral 
medial  rectus  motoneuron  pool  by  abducens  internuclear  neurons  (Ab.  Int.).3 16 17 
Signals  afferent  to  the  abducens  nucleus  arise  from  several  sources.12'19'22'28,29  The 
ipsi-  and  contralateral  horizontal  semicircular  canals  transmit  head  velocity 
signals  via  medial  vestibular  nucleus  relay  neurons  to  the  abducens  nucleus.2028 
Both  ipsi-  and  contralateral  relay  neurons  encode  gaze-related  signals  that 
consist  predominantly  of  eye  position  sensitivity  with  only  a  weak  coupling  to  eye 
velocity.  The  dorsomedial  gigantocellular  tegmental  field  projects  to  the  contra¬ 
lateral  abducens  nucleus  to  encode  pause  signals  related  to  quick  phases  of 
nystagmus,21  and  pontine  reticular  neurons  mediating  quick  phases  have  recently 
been  shown  to  project  directly  to  the  ipsilateral  abducens  nucleus.28  The  medial 
rectus  motoneuron  pool,  on  the  other  hand,  receives  only  two  direct  signals  from 
the  posterior  brain  stem.217  They  are  transmitted  by  the  internuclear  neuron  of 
the  abducens  nucleus  via  the  medial  longitudinal  fasciculus  (MLF)  and  by  the 
ventral  lateral  vestibular  neuron  via  the  ascending  tract  of  Deiters'  (ATD).3'28'27 
Abducens  internuclear  signals  resemble  those  of  medial  rectus  motoneurons, 
discharging  strictly  in  relation  to  gaze.8  They  emit  a  burst  of  impulses  for  saccades 
and/or  quick  phases  in  the  on  direction,  and  pause  for  quick  phases  or  saccades 
in  the  off  direction.  Eye  position  is  also  very  accurately  encoded.  Therefore,  we 
can  infer  that  the  abducens  afferent  reticular  signals  are  contained  in  internu- 
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clear  activity  in  an  already  processed  form,  These  signals  are  apparently 
necessary  for  the  control  of  horizontal  gaze  but  reach  the  medial  rectus  only 
indirectly  via  the  internuclear  pathway.16  The  signals  carried  by  the  second 
pathway  to  the  medial  rectus,  the  ATD,  are  the  subject  of  this  report. 

We  have  investigated  these  neurons  in  anesthetized  paralyzed,  decerebrate, 
and  alert  cats.  Our  studies  indicate  that  the  ascending  tract  of  Deiters’  terminates 
with  excitation  on  medial  rectus  motoneurons  and  that  the  signals  carried  by 
these  neurons  are  related  both  to  head  velocity  and  to  gaze.22627  Muskens, 
Winkler,  Buchanan,  and  Gacek  have  described  the  ascending  tract  of  Deiters’.712- 
i4.25.29  -j-0  further  delineate  this  tract  and  to  determine  the  cell  bodies  of  origin  of 
the  tract,  we  placed  horseradish  peroxidase  (HRP)  in  the  oculomotor  nucleus  and 
lesioned  the  brachium  conjunctivum  (BCj  and  MLF  to  eliminate  labeling  of  the 
cells  of  origin  of  these  known  ascending  pathways5,6  from  the  posterior  brain 
stem.  Lesions  were  extensive,  interrupting  the  entire  left  pontine  tegmentum 
from  the  MLF  lateral  to  the  BC.  On  the  right,  the  MLF  and  BC  were  transected, 
sparing  the  area  between  these  tracts.  Figure  1  illustrates  the  location  of  neurons 
projecting  to  the  oculomotor  nucleus  via  pathways  other  than  the  MLF  and  BC. 
Labeled  neurons  reside  predominantly  in  the  ventral  lateral  vestibular  nucleus, 
with  some  overlap  to  other  vestibular  nuclei.  Sections  Al-6  are  500  microns 
apart;  each  dot  represents  a  labeled  neuron  present  on  the  actual  section 
illustrated  or  in  the  section  50  microns  anterior  or  posterior.  Labeled  neurons  on 
the  right  side  were  backfilled  via  axons  traveling  between  the  right  MLF  and  BC, 
the  area  encompassing  the  ascending  tract  of  Deiters’.  There  is  an  additional 
possibility  of  transport  by  axons  between  the  MLF  and  BC  that  do  not  belong  to 
the  ATD  system.  Retrograde  transport  via  these  axons  probably  accounts  for 
some  of  the  labeled  neurons  on  the  left  side  of  sections  Al-6.  As  the  right  MLF 
lesion  was  intentionally  more  restricted  than  that  on  the  left,  a  part  of  the  extreme 
lateral  wing  of  the  MLF  may  have  been  spared.  Thus,  left-sided  labeled  cells 
probably  comprise  a  crossed  projection  to  the  oculomotor  nucleus.  Interestingly, 
the  group  of  “smaller  cells”  in  the  medial  nucleus  (Reference  12,  page  13,  Figure 
5;  Figure  1,  arrowheads  A3, 4, 5)  apparently  contributes  to  the  ascending  tract  of 
Deiters’,  as  suggested  by  Gacek.1213  Figure  IB  is  a  single  section  through  the 
ventral  lateral  vestibular  nucleus  from  another  experiment.23  HRP  was  placed  in 
the  ipsilateral  cut  MLF  4  mm  rostral  to  the  abducens  nucleus.  Labeled  neurons 
are  found  in  locations  that  overlap  the  sites  of  origin  of  the  ATD.  This  area  of  the 
vestibular  nuclei  also  contains  the  relay  neurons  for  the  horizontal  canal  projec¬ 
tion  to  the  abducens  nucleus.22  Therefore,  it  is  apparent  that  the  ventral  lateral 
and  medial  vestibular  nuclei  contain  a  mixture  of  neurons  that  relay  horizontal 
canal  signals  to  the  abducens  nucleus  via  a  direct  projection,  relay  horizontal 
canal  signals  to  the  medial  rectus  subgroup  via  the  ATD,  and  relay  vertical  canal 
signals  to  the  Illrd  nucleus  via  the  crossed  MLF. 

Results  of  acute  lesions  to  determine  the  course  of  the  ATD  in  the  pontine 
tegmentum  indicate  a  middle  course  between  the  MLF  and  BC.  Figure  1C 
illustrates  a  lesion  of  the  area  between  the  MLF  and  brachium  that  abolished  the 
antidromic  field  evoked  by  Illrd  nucleus  stimulation. 

The  comparative  synaptic  efficacy  of  the  ventral  lateral  vestibular  and 
abducens  internuclear  projection  to  the  medial  rectus  motoneuron  pool  was 
evaluated  by  intracellular  recording  from  medial  rectus  motoneurons  during 
stimulation  of  both  pathways.17  The  abducens  nucleus  was  stimulated  to  activate 
the  internuclear  neurons  directly,  and  the  VUIth  nerve  to  activate  the  ATD 
transsynaptically.  The  abducens-evoked  EPSP  is  usually  larger  than  the 
ascending  Deiters’-evoked  PSP  (Figure  2B  arrows,  first  component  of  each 
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Figure  2.  Comparison  of  EPSP  reversal  profiles  for  three  separate  excitatory  pathways 
on  medial  rectus  motoneurons.  A:  application  of  polarizing  current  in  a  left  medial  rectus 
motoneuron  following  stimulation  of  the  right  abducens  nucleus  (Abd),  left  vestibular  nerve 
(Vi),  and  right  vestibular  nerve  (Vc)  at  2,  2.5,  and  3  x  threshold  (T),  respectively.  Currents  as 
indicated,  and  explanation  in  text.  B:  comparison  of  the  amplitude  and  rise  time  of  the 
abducens  excitation  and  ipsilateral  vestibular  nerve-evoked  excitation  in  medial  rectus 
motoneurons  following  2  x  T  stimulation,  respectively.  C:  a  comparison  of  the  reversal 
potential  profiles  in  two  medial  rectus  motoneurons  at  different  sweep  speeds  following 
abducens  and  ipsilateral  vestibular  nerve  stimulation  to  show  the  waveform  characteristics 
near  the  equilibrium  potential  for  the  EPSPs.  Arrows  in  B  and  dotted  lines  in  C  are  drawn 
through  peaks  of  EPSPs  to  facilitate  comparison  of  the  reversal  properties.  (Modified  from 
Highstein  and  Baker,  Reference  17.) 


PSP).*  The  complete  reversal  of  these  EPSPs  with  depolarizing  currents  passed 
through  the  microelectrode  (Figure  2A,  Abd  and  Vi)  indicates  chemical  synaptic 
transmission  between  these  oculomotor  afferent  inputs  and  medial  rectus  moto¬ 
neurons.  The  ascending  Deiters’-  and  abducens-evoked  EPSPs  reverse  with 
nearly  identical  current-voltage  relationships,  which  suggests  similar  spatial 
distribution  of  synapses  over  the  somadendritic  tree.  However,  upon  careful 
reconstruction,  the  ascending  Deiters’-evoked  EPSP  reverses  earlier  than  the 
abducens-evoked  PSP  and  shows  more  responsiveness  to  polarizing  current. 


*PSP,  postsynaptic  potential;  EPSP,  excitatory  postsynaptic  potential;  IPSP,  inhibitory 
postsynaptic  potential. 
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This  analysis  indicates  a  roughly  comparable  synaptic  potency  of  the  ATD  and 
internuclear  inputs  to  the  medial  rectus  motoneurons. 

To  study  the  input  to  ATD  neurons,  ventral  lateral  vestibular  neurons  were 
penetrated  with  glass  microelectrodes  in  anesthetized  paralyzed  cats.  Stimula¬ 
tion  of  the  ipsilateral  VIHth  nerve  evoked  monosynaptic  EPSPs  in  these  neurons 
(Figure  3A,B),  while  stimulation  of  the  oculomotor  nucleus  provided  antidromic 
identification.  The  passage  of  hyperpolarizing  currents  through  the  microelec¬ 
trode  augmented  the  ipsilateral  vestibular-evoked  EPSP’s  amplitude,  while 
depolarizing  currents  decreased  the  amplitude  and  ultimately  caused  the  rever¬ 
sal  of  the  PSP  (Figure  3C).  The  complete  reversal  of  the  EPSP  is  presumptive 
evidence  for  chemical  synaptic  transmission  between  vestibular  primary  affer- 
ents  and  ventral  lateral  vestibular  neurons.  In  addition,  ATD  neurons  are 
strongly  modulated  by  contralateral  vestibular  stimulation,  indicating  the 
presence  of  powerful  commissural  inhibition  (Figure  4).  Amino  acid  studies 
indicate  that  there  is  no  reciprocity  between  the  two  ventral  lateral  vestibular 


Figure  3.  Intracellular  records  obtained  from  ventral  lateral  vestibular  neurons.  ANTI 
indicates  stimulation  of  the  oculomotor  nucleus,  and  Vi  stimulation  of  the  ipsilateral 
labyrinth.  Polarizing  currents  injected  through  the  microelectrode  as  indicated.  C  is  a 
drawing  of  a  superimposition  of  the  polarized  EPSPs.  Ex  is  extracellular  field. 


nuclei,24  i.e„  the  commissural  inhibitory  neurons  do  not  reside  in  the  contralat¬ 
eral  ventral  lateral  vestibular  nucleus. 

The  morphology  of  ATD  neurons  was  ascertained  utilizing  intracellular 
injection  of  horseradish  peroxidase  in  physiologically  identified  neurons.  These 
neurons  have  elongated  somas;  they  measure  approximately  15  by  50  microns 
and  have  simple,  poorly  developed  dendritic  trees  that  are  oriented  roughly 
perpendicular  to  the  incoming  VIHth  nerve  fibers.  The  neurons  are  more 
extensive  in  the  sagittal  than  in  the  coronal  plane.27 

The  sensitivity  of  these  neurons  to  head  velocity  was  determined  in  the 
decerebrate  cat.28  ATD  neurons  were  isolated  with  an  extracellular  recording 
electrode  and  physiologically  identified  by  their  anti-  and  orthodromic 
responses.  Responses  to  table  rotation  are  type  I  (Figure  5).9  '5  Antidromic  testing 
at  1/second  was  maintained  throughout  the  period  during  which  the  table  was 
rotated  to  ensure  the  identity  of  the  unit.  The  maximal  amplitude  of  table  rotation 
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Figure  4.  Extra  and  intracel¬ 
lular  records  of  ventral  lateral 
vestibular  neurons.  ANTI  and 
Vi  as  in  Figure  3.  Vc  indicates 
stimulation  of  the  contralateral 
labyrinth.  In  1,  stimulation  of  Vi 
evokes  double  discharge  of  the 
ventral  lateral  vestibular  neu¬ 
ron.  which  is  suppressed  by  a 
preceding  conditioning  shock  to 
Vc  in  2.  3  illustrates  the  IPSPs 
recorded  from  another  ventral 
lateral  vestibular  neuron,  and  4 
illustrates  their  reversal  by  hy- 
perpolarizing  currents  passed 
through  the  microelectrode. 


was  30°,  the  maximum  velocity  was  ±  30°/second,  and  the  frequency  of  rotation 
ranged  from  0.4  to  0.65  Hz.  All  units  (n  =  19)  display  a  type  I  response  to  table 
rotation.9 15  Discharge  rate  increases  with  table  rotation  to  the  ipsilateral  side  and 
decreases  with  table  rotation  to  the  contralateral  side.  The  maximal  firing  rate  of 
the  unit  illustrated  is  approximately  55  spikes/second  with  the  testing  paradigm 
employed.  The  discharge  rate  however  decreased  to  zero  during  some  part  of  the 
contralateral  rotation,  displaying  a  clipped  response.  Hand  analysis  of  this 
clipped  type  I  response  of  5  units  (cf.,  Reference  26)  was  conducted  according  to 
the  theory  of  Melvill  Jones  and  Milsum.  All  responses  had  some  degree  of 
skewing;  for  example,  the  peak  of  the  response  in  Figure  5  record  D  was  skewed 


A 

B 

c^wwwwA 

3  sec 

Figure  5.  Response  of  an  identified  ascending  tract  of  Deiters'  neuron  to  head  rotation  in 
the  plane  of  the  horizontal  semicircular  canal.  A;  extracellular  record  (filtered)  of  a  neuron 
similar  to  Figure  4.  Dots  above  stimulus  artifacts  and  below  lower  traces  indicate 
oculomotor  nucleus  stimulation  at  1/second.  B:  table  position.  C:  table  velocity.  D: 
frequency  of  firing  of  the  neuron  in  A.  Calibration  as  indicated.  (From  Reisine  and 
Highstein,  Reference  26,  with  permission  of  the  publisher.) 
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22.5°  from  the  midpoint  of  the  velocity  curve.  After  correction  for  the  skews  of 
the  response  curves,  the  responses,  although  scattered,  were  observed  to  have  an 
average  phase  lead  of  9°  (range  +46°  to  -32°)  to  the  angular  velocity  over  all 
frequencies  tested.  Response  gains  were  in  the  range  of  0.5  to  1.7  spikes/ second 
per  degree/second.  These  results  are  similar  to  data  obtained  on  other  vestibular 
nucleus  neurons"15  (cf..  Reference  13)  and  suggest  that  ascending  tract  of  Deiters’ 
neurons  carry  a  canal  signal  related  to  head  velocity. 

In  a  third  set  of  experiments  in  the  alert  animal,  eye  movements  were 
measured  by  electro-oculography,  during  recording  from  ascending  Deiters’ 
neurons.27  Cats  were  mounted  on  a  turntable  with  their  heads  held  30°  below  the 
horizontal  to  place  the  lateral  semicircular  canals  in  the  plane  of  rotation. 
Stimulating  electrodes  were  implanted  chronically  on  one  abducens  nerve  at  the 
base  of  the  brain  stem,  over  the  bony  ampulla  of  the  horizontal  semicircular 
canal,  and  within  the  oculomotor  complex.  A  chamber  was  fitted  over  the 
posterior  cerebellar  vermis  for  hydraulic  microdrive  advance  of  3-mm  diameter 
glass  pipettes  to  the  brain  stem.  These  electrodes  were  filled  with  a  10%  solution 
of  horseradish  peroxidase  in  0.5  M  KC1,  50  mM  tris  buffer,  pH  7.0.  The  abducens 
antidromic  field  potential  was  used  as  a  reference  to  guide  the  placement  of  the 
recording  electrode  to  the  ventral  lateral  vestibular  nucleus. 

Physiological  activity  was  recorded  intra-axonally.  When  an  axon  was  pene¬ 
trated,  responses  to  electric  pulse  stimulation  of  the  labyrinth  and  Illrd  nucleus 
were  ascertained,  and  the  relation  to  gaze  and  rotation  in  the  horizontal  plane 
studied.  When  adequately  characterized,  the  axon  was  injected  with  3-600 
n  A-minutes  of  depolarizing  pulses  through  the  microelectrode.  Animals  survived 
36  hours  post  injection,  were  then  perfused,  and  the  brain  tissues  processed  for 
HRP.  Data  presented  in  eye  position  and  rate  plots  were  analyzed  by  hand,  eye 
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Ficure  6.  Relation  of  the  unitary  discharge  rate  of  an  ascending  tract  of  Deiters'  neuron 
to  eye  and  head  motion.  A:  UNIT,  Intra-axonal  record  (0.1-10  kHz)  recorded  in  the 
ventrolateral  vestibular  nucleus.  RH,  Electro-oculographic  (EOG)  record  of  right  horizontal 
eye  movement.  Vertical  lines  are  stimulus  artifacts  resulting  from  oculomotor  nucleus 
stimulus  at  1/second.  LH,  left  horizontal  EOG.  V.  vertical  EOG.  B:  traces  as  in  A  except 
VEL,  which  is  table  (head)  velocity.  Calibrations  as  labeled.  (From  Reisine,  Strassman,  and 
Highstein,  Reference  27,  and  reproduced  with  permission  of  the  publisher.) 
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Figure  7.  Discharge  rate  in  spikes/ 
second  versus  eye  position.  Solid  lines  are 
ascending  tract  of  Deiters'  neurons,  and 
dotted  lines  are  type  II  neurons  recorded 
within  the  ventral  lateral  vestibular 
nucleus. 


EYE  POSITION  (deg.) 


position  versus  discharge  rate  was  plotted,  and  the  correlation  coefficient  and 
regression  line  were  determined. 

When  the  microelectrode  penetrated  the  brain  stem  2  mm  lateral  to  the 
abducens  nucleus  slightly  above  or  below  the  level  of  the  abducens,  neurons 
were  encountered  that  could  be  monosynaptically  activated  by  ipsilateral  laby¬ 
rinth  stimulation  and  antidromically  activated  by  stimulation  of  the  oculomotor 
nucleus.  These  neurons  were  previously  identified  in  decerebrate  and  anesthe¬ 
tized  cats  as  ATD  neurons.  Twelve  neurons  were  studied.  In  Figure  6,  records  of 
spontaneous  eye  movement  and  neuronal  discharge  illustrate  the  relation 
between  gaze  and  firing  frequency.  During  spontaneous  eye  movement  with  the 
head  fixed,  neuronal  activity  is  well  correlated  with  eye  position,  increasing  with 
contralateral  eye  position  (left)  and  decreasing  with  ipsilateral  eye  position 
(right).  Although  the  discharge  rate  approximates  a  linear  function  (correlation 
coefficient  0.83,  slope  2.3  spikes/second  per  degree  for  Figure  7  lowest  solid 
line),  it  must  be  noted  that  these  neurons  do  not  encode  eye  position  with  the 
same  precision  as  an  ocular  motoneuron  or  an  abducens  interneuron.  The 
differential  relation  to  gaze  of  motoneurons  versus  ATD  neurons  is  emphasized 
by  the  inconsistent  response  to  saccades  or  quick  phases  of  nystagmus  of  ATD 
cells.  However,  some  coupling  to  rapid  eye  movements  is  apparent,  as  the  neuron 
sometimes  bursts  for  on-direction  and  pauses  for  off-direction  saccades.  These 
neurons  also  encode  head  velocity,  type  I  response. 

In  summary,  ATD  neurons  lie  in  the  ventral  lateral  vestibular  nucleus  and 
manifest  eye  position  and  little  rapid  eye  movement  sensitivity.  In  addition, 
strong  modulation  of  neuronal  activity  is  manifest  in  response  to  head  rotation 
(velocity)  in  the  horizontal  plane  (type  I  response). 

Although  the  values  of  rate-position  slope  of  ATD  neurons  overlap  that  of  Ab. 
Int.  and  ocular  motoneurons,  gaze-related  signals  present  on  ATD  cells  are 
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apparently  insufficient  by  themselves  to  strongly  activate  the  medial  rectus 
extraocular  muscle.  Yet  after  MLF  lesions,  it  is  possible  that  the  remaining 
horizontal  vestibulo-ocular  reflex  in  the  abducting  gaze  field10  is  due  to 
ascending  horizontal  canal  signals  contained  in  ATD  neurons.  In  the  intact  brain 
stem,  ATD  and  abducens  internuclear  signals  apparently  interact  at  the  level  of 
medial  rectus  cells  to  produce  the  horizontal  vestibulo-ocular  reflex  and  conju¬ 
gate  horizontal  gaze. 
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Introduction 

In  the  early  1930s,  Steinhausen  proposed  the  first  operational  mathematical 
model  of  the  semicircular  canals.1,2  The  classic  model  of  Steinhausen  can  be 
described  by  the  second-order  differential  equation 

+  Af  =  6a, 

which  is  known  as  a  highly  damped  torsion  pendulum  model.  During  the  past  50 
years,  many  investigators  have  tried  to  validate  the  Steinhausen  model,  to 
determine  the  parameters  of  the  model,  and  to  modify  the  model  by  utilizing 
either  theoretical  considerations  of  the  physical  properties  of  the  semicircular 
canals  or  anatomical  and  physiological  experimental  data.  Although  there  are 
variations  among  the  models,  most  of  them  are  based  on  the  highly  damped 
torsion  pendulum  model.  Some  of  the  models  developed  recently  are  based  on 
the  relationship  between  input  and  output  of  the  semicircular  canal  system 
utilizing  linear  system  theory.3'5  The  transfer  function  describing  the  system  can 
be  expressed  with  the  assumption  that  the  semicircular  canal  system  behaves 
basically  as  a  linear  system. 

It  is  important  to  investigate  the  canal  system  directly;  however,  various 
difficulties  prevent  making  direct  observations  or  measurements  o'f  the  system. 
Since  the  single  unit  in  the  vestibular  nuclei  reflects  directly  the  changes  in  the 
semicircular  canal  system,  it  is  possible  to  study  the  question  of  whether  or  not 
the  semicircular  canal  system  behaves  as  a  linear  system  by  measuring  the 
single-unit  reponses  to  canal  stimulation.  The  study  reported  herein  was 
concerned  with  the  validity  of  the  assumption  that  the  semicircular  canal  system 
can  be  considered  within  the  context  of  linear  system  theory. 

Materials  and  Methods 

A  total  of  65  adult  cats  weighing  2,5  to  4.0  kg  were  used  in  this  study.  A  total  of 
110  canal-sensitive  neurons  in  the  vestibular  nuclei  were  recorded  extracellular- 

ly. 


Surgical  Procedures 

Each  animal  was  anesthetized  with  an  intraperitoneal  injection  of  35  mg/kg 
pentobarbital  sodium  followed  by  25-mg  supplemental  doses  as  needed.  A 

*This  study  was  supported  by  the  Medical  Research  Service  of  the  Veterans  Administra¬ 
tion  and  by  the  Department  of  Otolaryngology  and  Maxillofacial  Surgery. 
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20-mm  parieto-occipital  trephine  was  made,  and  the  posterior  half  of  the  bony 
tentorium  was  removed.  The  dura  matter  over  the  cerebellum  was  excised,  and 
sterile  mineral  oil  used  to  prevent  dehydration.  The  animal  was  then  transferred 
to  a  stereotaxic  apparatus.  The  head  of  the  animal  was  fixed  on  the  stereotaxic 
device  such  that  the  horizontal  canals  were  positioned  in  the  horizontal  plane 
(the  head  was  tilted  forward  25°  ).*  Using  a  stereotaxic  atlas  as  a  guide,  a  tungsten 
microelectrode  (tip  diameter  =  2.0  micra;  impedance  =  1.0  to  2.0  megohms)  was 
placed  in  the  vestibular  nuclei  area  through  the  intact  cerebellum.7 


Recording  Procedures 

Activity  of  single  neurons  in  the  vestibular  nuclei  was  recorded  extracellular- 
ly.  When  a  canal-sensitive  neuron  was  found,  spikes  (action  potentials)  of 
neurons  were  amplified,  and  the  amplified  signals  were  sent  to  a  spike  analyzer 
via  the  slip  rings  of  the  rate  table.  Spikes  were  discriminated  from  noise  and  were 
fed  into  an  instrument  computer  for  on-line  data  analysis.  Experimental  data 
were  retrieved  in  both  analog  and  digital  form,  and  were  also  stored  on  magnetic 
tapes.  Audio  monitoring  was  routinely  employed. 


Stimulating  Procedures 

The  horizontal  canals  were  stimulated  by  angular  acceleration  utilizing  the 
rate  table  controlled  by  the  preprogrammable  function  generator.  The  two  types 
of  angular  accelerations  used  in  this  study  were  (A)  impulse  and  (B)  step 
(Figure  l). 

Impulse  acceleration,  which  consists  of  32  equally  spaced  (period  between 
impulses  varied  from  1.24  to  4.9  seconds)  and  uniform  magnitude  impulses,  was 
generated  by  the  10°/second  angular  velocity  change  in  0.1  second  (equivalent  to 
lOOVsecond2  acceleration  with  0.1-second  duration).  Step  acceleration  consists 
of  2. 4, 6,  or  8°/second2  constant  acceleration  for  a  given  period. 


Histological  Procedures 

At  the  end  of  each  experiment,  the  animal  was  given  an  overdose  of  sodium 
pentobarbital  intravenously,  and  a  small  electrolytic  lesion  (0.3-mm  lesion  was 
made  by  applying  a  constant  current  of  1.0  mA  for  5  seconds)  was  made  at  the  last 
spot  recorded.  The  brain  stem  was  removed,  and  it  was  serially  sectioned  and 
stained  (KlUver  and  Barrera  method).*  The  vestibular  nuclei  were  identified  by 
the  criteria  of  Brodal  et  al.9  The  locations  of  recorded  neurons  were  determined 
by  using  the  recorded  coordinates  and  by  utilizing  the  stereotaxic  atlas. 


Experimental  Results 

The  resting  discharge  rate  and  the  response  characteristics  of  110  canal- 
sensitive  neurons  were  studied.  Utilizing  the  neuron  classification  used  by 
Duensing  and  Schaefer,  Shimazu  and  Precht,  and  Ryu  and  McCabe, ,<M2  62  (56%) 
neurons  were  classified  as  type  I  and  48  (44%)  neurons  as  type  II.  A  total  of  11 
units  exhibited  a  superimposed  cyclic  firing  pattern  (this  type  of  neuron  is 
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probably  reflecting  the  cyclic  nature  of  the  ultraslow  brain  wave)  (Figure  2)  or 
unstable  resting  discharge  rate  (Figure  3).  These  neurons  were  considered 
unsuitable  for  analysis,  and  they  were  excluded  from  the  study.  The  remaining 
99  neurons  were  analyzed. 

The  resting  discharge  rate  varied  from  neuron  to  neuron  in  the  same 
preparation;  firing  rates  ranged  from  1.0  spike  per  second  (sps)  to  97  sps,  and  the 
average  was  21.3  sps  with  a  standard  deviation  (SD)  of  12.6  sps.  The  average 
resting  discharge  rate  of  type  I  neurons  (mean  -  21.9  sps;  SD  -  13.1  sps)  was 
slightly  higher  than  that  of  type  II  neurons  (mean  =  20.4  sps;  SD  =  9.7  sps).  An 


TIME  (Mcondi) 


Figure  1.  Paradigms  of  stimulus  applied  in  this  experiment.  (A)  illustrates  impulse 
acceleration,  and  (B)  illustrates  step  acceleration. 


independent  sample  t-test  at  a  confidence  level  of  p  =  0.05  showed  that  there  was 
no  significant  difference  in  the  resting  discharge  rate  between  the  two  types.  ; 

The  maximum  response  varied  from  neuron  to  neuron.  However,  the  maxi¬ 
mum  response  increased  with  an  increase  in  the  magnitude  of  acceleration  for  a  ' 

given  unit.  The  average  maximum  response  of  neurons  varied  nonlinearly  from  > 

14.9  sps  for  the  2°/second2  to  26.7  sps  for  the  8°/second2  acceleration  (Figure  4 
and  Table  1).  ; 

The  time  required  to  reach  maximum  response  (tmax)  decreased  with  the  i 

increase  in  magnitude  of  acceleration.  The  average  tm„  also  varied  nonlinearly  4 

from  35.4  seconds  for  the  2°/second’  to  13.9  seconds  for  the  8°/second2  accelera-  ( 

tion  (Figure  5  and  Table  1).  j 
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Figure  4.  Average  maximum  response  (spikes/second)  was  plotted  against  the  magni¬ 
tude  of  step  acceleration.  The  relationship  was  nonlinear,  and  the  average  maximum 
response  increased  with  an  increase  in  the  magnitude  of  step  acceleration.  Open  circles 
connected  by  the  dotted  line  represent  the  computer  simulation  results  of  the  Fernandez 
and  Goldberg  model,  showing  the  linear  relationship  between  the  average  maximum 
response  and  the  magnitude  of  stimulus. 


Table  l 

Average  Maximum  Response  and  tm„  vs.  Rate  of  Acceleration 


Stimulus 

Average  Maximum  Response 
(spikes  per  second) 

Mean 

Standard  Deviation 

2°/sec2 

14.9  sps 

11.2  sps 

4°/sec2 

20.6  sps 

14.2  sps 

6°/sec2 

22.9  sps 

13.3  sps 

8°/sec2 

26.7  sps 

13.7  sps 

Average  tMS 

(seconds) 

Stimulus 

Mean 

Standard  Deviation 

2°/sec2 

35.4  sec 

13.4  sec 

4°/sec2 

23.3  sec 

4.6  sec 

6°/sec2 

19.1  sec 

3.8  sec 

8°/sec2 

13.9  sec 

3.4  sec 
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Neither  the  maximum  response  nor  the  tmax  appeared  to  be  related  to  the 
resting  discharge  rate;  the  results  of  an  independent  sample  t-test  |p  o.o:}| 
showed  that  there  was  no  correlation  between  the  maximum  response  and  the 
resting  discharge  rate,  or  between  the  tmax  and  the  resting  discharge  rate. 
Furthermore,  there  was  no  correlation  between  the  maximum  response  and  tm„x 
utilizing  a  matched-pair  t-test  (p  =  0.05). 

In  the  beginning,  the  neural  responses  to  successive  impulse  acceleration 
were  additive.  After  the  magnitude  of  neural  response  to  impulse  acceleration 
reached  a  maximum  level,  the  peak-to-peak  response  to  each  successive  impulse 
gradually  decayed  (Figures  6  and  7).  This  phenomenon  was  also  observed  when 
the  period  between  two  impulses  was  varied  (Figure  8). 


Figure  5.  The  relationship  between  (m„  and  the  magnitude  of  acceleration  showed  that 
decayed  nonlinearly  with  an  increase  in  the  magnitude  of  acceleration.  Open  circles 
connected  by  dotted  lines  illustrate  the  computer  simulation  results  of  the  Fernandez  and 
Goldberg  model,  showing  a  linear  system  property. 


The  majority  of  the  neurons  (both  type  I  and  II)  showed  that  the  response  to 
inhibitory  stimulation  was  not  a  mirror  image  of  the  response  to  excitatory 
stimulation.  Usually,  the  excitatory  response  was  greater  than  the  inhibitory  one. 
Furthermore  about  10%  of  vestibular  nuclei  neurons  were  the  kinetic  type  that 
responded  only  to  excitatory  stimulation. 

Mathematical  models  describing  the  dynamic  characteristics  of  the  semicir¬ 
cular  canals  were  reviewed  (Table  2),  and  some  of  the  existing  models  were 
simulated  by  utilization  of  the  IBM  Continuous  System  Modeling  Program 
(CSMP/360).  The  input  paradigm  used  for  simulation  was  the  same  as  the 


118 


Annals  New  York  Academy  of  Sciences 


stimulus  paradigm  *r  'V.-  ••  ’ 

iiseM  id  IRg  pF66@^fes-.  §©»§  af  these  Simula- 

yah  hFl  IRBWR  Ifi  FteUftfcM  §  a\eng  with  the  e*BeFimefttal  results, 
tfe  §ifflpR8R  Fipte  iRfetea  mat  me  staRieiFeulaF  vmk  hehave  as  a  linear 
spteffl.  ?  lafflBlR  ftf  a  afitvmw  pat  l¥m4atie%  aa4  §Pdhe?t  model)  Is 
IRBWR  iRpfeUftfel 


,  ktet  ifimipRw  m&  m  tte  mmqttet  ombrnm  ha%  mwwxl  ftat  to 

fetal  life  a  fagfety  aastfea  tetsiaft  tea*  &  2*.  *» 

0J tfe  fe\$  fefe  wtMmb  \x^mr  life  awtesa  «ttoa«»^<slRaa 

tta$-. «  m  igflMBretfet  taftai  s&m  m  &  %  teas#  spas#*, 


XfcV&Kl8r  HtoHft 


ijr  • -V  ~4b  4?'  ■&>  ==^r 


-%■— tofe-- 9fe===!&> 


Figure  6. 
peak-to-peal 


_ _ _ 


T+HSE<Mtaflai) 
;«5hl« 


system  must 
in  the  input  i 
superposition** 
total  output 

^ESSSw? 

meet  the  above 

neural  response^^..^ 
tion  are  nonlinea"’SPDnn7PT'  noneter,  me  e*pei  mranur rwmo'  muiuuiu  mi 
tl6S  The  fllOSt  5lnnr”'j  VHHIUUnirHWlCTrCWBjnWPtirffBBHlWBHIIrWIISPBIIllWB* 

two  nnaliimflrttUo.rorvrQOQrvtdiinriiitMinn  in  ti 


P  Wnt  t  me 


Ryu  et  al.:  Nonlinear  Characteristics  of  Neurons  119 

CAT  JO-35  25  April  79 

VHtibulor  Nturon  No  I  Typo  I 


TIME  (ooeonds) 

Ficure  7.  Neural  response  to  impulse  acceleration.  Although  each  impulse  had  an  equal 
magnitude  of  stimulus,  the  neural  response  showed  that  it  was  additive  at  the  beginning 
until  it  reached  the  maximum  level,  then  it  decayed  gradually.  The  averaged  response  was 
very  similar  to  the  neural  response  when  the  canal  was  stimulated  by  step  acceleration. 
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Figure  8.  Neural  response  to  impulse  acceleration.  Upward  arrow  represents  the 
beginning  of  the  1st  impulse  stimulus,  and  downward  arrow  represents  the  end  of  the  32nd 
impulse  stimulus.  |A)  illustrates  the  response  to  impulse  acceleration  with  a  10-second 
period  between  two  impulses;  and  (B),  with  a  20-second  period  between  two  impulses. 
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nonlinearly  with  a  decrease  in  the  magnitude  of  a  stimulus  (Figure  5),  and  in  the 
magnitude  of  the  maximum  response  of  a  neuron,  which  also  increases  non¬ 
linearly  with  an  increase  in  the  magnitude  of  a  stimulus  (Figure  4).  Other 
nonlinearities  were  observed  in  the  neural  response  to  semicircular  canal 
stimulation:  (1)  asymmetry  between  the  excitatory  and  inhibitory  responses  of  a 
given  neuron  was  very  striking:  (2)  the  unidirectional  response  of  a  kinetic 
neuron. 

If  the  canal  system  is  linear,  then  the  responses  to  repeated  impulse  stimuli 
should  be  equal,  but  the  experimental  results  showed  that  the  maximum 
response  level  to  successive  impulses  was  first  increased  and  then  gradually 
decayed  (Figures  6,  7,  and  8).  Furthermore,  when  the  interimpulse  interval  was 
short,  the  response  to  the  impulse  was  additive  at  the  beginning  and  the  averaged 
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Ficure  10.  Neural  response  to  step  acceleration. 


responses  assumed  the  configuration  of  the  response  to  the  step  acceleration 
(Figures  7  and  10).  The  decay  of  response  after  reaching  the  maximum  level 
might  be  reflecting  vestibular  adaptation  occurring  either  at  the  end-organ  level 
or  neural  level.  However,  the  additive  response  at  the  beginning  and  the 
response  decay  after  the  maximum  response  were  nonlinear:  these  responses 
could  not  be  accounted  for  by  the  linear  model. 

The  non  linearities  observed  in  the  responses  of  the  vestibular  nuclei  neurons 
may  have  a  complex  origin.  It  is  possible  that  these  nonlinearities  are  due  to  (1) 
nonlinear  behavior  of  the  cupula-endolymph  system,  (2)  the  influence  of  the 
vestibular  efferent  system,  (3)  the  influence  of  the  other  central  nervous  system 
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(viz...  cerebellum,  eye  muscle  nuclei),  or  (4)  the  inherent  neural  properties  of  the 
vestibular  nuclei.  Much  investigative  work  is  needed  before  a  satisfactory 
explanation,  incorporating  this  nonlinear  behavior,  can  be  offered. 

The  existing  linear  models  for  the  semicircular  canal  system  (Table  2)  cannot 
account  for  the  nonlinear  responses  observed.  Consequently,  these  models  do 
not  explain  the  physical  properties  of  the  system. 


Summary 

The  characteristics  of  response  of  99  vestibular  nuclei  neurons  were  investi¬ 
gated  in  the  cat  anesthetized  with  pentobarbital  sodium.  All  neurons  responded 
to  stimulation  of  the  horizontal  semicircular  canals  (HSCC)  with  prolonged  2,  4, 6, 
or  8C /second"  angular  acceleration.  Neural  response  was  recorded  utilizing  the 
single-neuron  recording  technique.  The  vestibular  neurons  responded  nonlin- 
early  to  stimulation  of  the  HSCC.  Specifically  (1)  the  time  required  to  reach  the 
maximum  response  level  decreased  nonlinearly  with  an  increase  in  stimulus 
magnitude  (SM);  (2)  the  maximum  response  level  increased  nonlinearly  with  the 
increase  in  SM;  (3)  the  neural  response  to  excitatory  stimulus  was  not  the  mirror 
image  of  that  to  an  inhibitory  stimulus.  Several  existing  mathematical  models 
were  simulated  by  utilization  of  the  IBM  Continuous  System  Modeling  Program, 
and  comparison  was  made  to  the  experimental  data.  None  of  the  models  could 
account  for  the  nonlinear  response  of  the  vestibular  nuclei  neurons.  The  non- 
linearities  observed  in  the  responses  may  be  due  to  (1)  nonlinear  behavior  of  the 
end  organ,  (2)  the  influence  of  the  CNS  including  the  vestibular  efferent  system, 
or  (3)  the  inherent  neural  properties  of  the  vestibular  nuclei. 
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Introduction 

Unit  activities  that  are  closely  related  to  eye  movements  have  been  recorded 
in  both  the  vestibular  nuclei  and  the  reticular  formation  in  the  alert  animal.1'10 
Among  these,  four  groups  of  neurons  have  been  identified  in  the  cat  as 
immediate  premotor  neurons  participating  in  activation  or  suppression  of  abdu- 
cens  motor  activity  during  horizontal  fast  eye  movement,  i.e.,  excitatory  and 
inhibitory  secondary  vestibular  neurons  and  excitatory  and  inhibitory  reticular 
burst  neurons  (EBNs  and  IBNs)."'1'i 

The  locations  of  these  neurons  in  the  brain  stem  and  their  axonal  projections 
to  the  abducens  nuclei  have  been  verified  in  these  studies.  Excitatory  and 
inhibitory  secondary  vestibular  neurons  are  located  predominantly  in  the  ventro¬ 
lateral  part  of  the  medial  vestibular  nucleus.  The  former  send  axons  to  the 
contralateral  abducens  nucleus,  and  the  latter  to  the  ipsilateral  (Figure  l).14  EBNs 
are  located  in  the  dorsomedial  reticular  formation  immediately  rostral  to  the 
abducens  nucleus  and  project  to  the  ipsilateral  abducens  nucleus.15  In  contrast, 
IBNs  are  found  mainly  in  the  region  caudal  to  the  abducens  nucleus  and  send 
their  axons  to  the  contralateral  abducens  nucleus  (Figure  l).16 

The  discharge  pattern  of  these  neurons  related  to  horizontal  nystagmus  has 
also  been  specified.  Figure  1  (right)  shows  their  activities  in  one  nystagmic  cycle. 
At  the  beginning  of  the  quick  phase,  EBNs  and  IBNs  on  the  same  side  as  the 
direction  of  fast  eye  movement  exhibit  high-frequency  burst  activity,  and  tonic 
discharges  of  secondary  vestibular  neurons  on  the  same  side  are  abruptly 
suppressed.121516  Synaptic  mechanisms  of  this  spike  suppression  of  secondary 
vestibular  neurons  were  investigated.14  The  results  indicated  that  the  spike 
suppression  was  caused  by  an  abrupt  generation  of  inhibitory  postsynaptic 
potentials  (IPSPs)  in  these  neurons.  These  IPSPs  are  suggested  to  originate  from 
activity  of  type  II  vestibular  neurons,  on  the  basis  of  the  findings  that  type  II 
neurons  exhibited  burst  activity  during  the  pause  of  secondary  vestibular 
neurons  and  that  type  II  neurons  made  monosynaptic  inhibitory  connection  with 
secondary  vestibular  neurons  in  the  same  nucleus  as  revealed  by  postspike 
averaging  technique  (Figure  l).13  However,  the  origin  of  input  causing  burst 
activity  of  type  II  neurons  is  so  far  unknown. 

In  view  of  the  neural  connection  shown  in  Figure  1,  synchronous  generation 
of  a  burst  of  EBNs,  IBNs,  and  type  II  vestibular  neurons  on  the  same  side  appears 
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to  be  important  for  well-coordinated  activity  of  bilateral  abducens  motoneurons 
during  fast,  conjugate  eye  movement.  The  present  paper  will  describe  further 
study  on  firing  characteristics  and  axonal  projections  of  EBNs.  It  will  also  be 
shown  that  EBNs  are  likely  to  play  an  important  role  in  the  formation  of  the 
synchronism  between  burst  activity  of  IBNs  or  type  II  vestibular  neurons  and 
suppression  of  spikes  of  secondary  vestibular  neurons  during  fast  eye  move¬ 
ment. 


Methods 

Experiments  were  performed  on  cats  prepared  under  ether  anesthesia  and 
artificial  respiration.  The  animal  was  mounted  on  a  stereotaxic  frame,  which  was 
fixed  on  the  turntable.  The  upper  cervical  cord  was  transected.  Surgical  proce- 


ii  mini 


Figure  1.  Schematic  representation  of  immediate  premotor  mechanisms  for  activation  or 
suppression  of  abducens  motoneurons  during  fast  eye  movement.  Neural  connections  (left) 
and  discharge  patterns  of  each  neuron  (right)  are  drawn  on  the  basis  of  previous  studies.11"’7 
In  the  left  scheme  showing  a  horizontal  view  of  the  brain  stem,  neurons  of  open  and  filled 
shapes  indicate  excitatory  and  inhibitory  neurons,  respectively.  In  the  right  diagram,  the 
quick  phase  directed  to  the  right  side  occurs  at  the  time  of  conversion  of  spike  activity  from 
L.  ABMn  to  R.  ABMn.  L.  and  R.  ABMn:  left  and  right  abducens  motoneurons.  EBN: 
excitatory  burst  neuron.  IBN:  inhibitory  burst  neuron.  EVN:  excitatory  type  I  vestibular 
neuron.  IVN:  inhibitory  type  I  vestibular  neuron.  VNII:  type  II  vestibular  neuron. 


dures  and  the  conditions  for  care  of  the  animal  were  essentially  similar  to  those 
described  in  a  previous  paper.12  After  cessation  of  ether  inhalation,  incision  and 
pressure  points  were  carefully  infiltrated  with  4%  Xylocaine.  Abducens  nerve 
discharges  were  used  as  the  neural  correlate  of  nystagmus.  A  glass  microelec¬ 
trode  filled  with  2  M  NaCl  solution  saturated  by  Fast  Green,  having  an  electrical 
resistance  of  1.0-1 .7  MSI,  was  used  to  record  extracellular  activity  from  single 
neurons.  Intracellular  recording  from  abducens  motoneurons  was  made  with  a 
glass  micropipette  filled  with  3  M  KCI  solution.  For  stimulation,  a  microelec¬ 
trode— either  glass-coated  tungsten  wire  or  a  micropipette  filled  with  2  M  NaCl 
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agar— was  inserted  into  the  abducens  nucleus  and  its  surrounding  structures,  the 
dorsomedial  reticular  formation,  and  the  vestibular  nuclei.  A  fine  steel  electrode 
was  inserted  into  the  ventral  funiculus  of  the  spinal  cord  at  C2.  Rectangular 
cathodal  currents  of  0.1  msecond  duration  were  applied.  Field  potentials  in  the 
abducens  nucleus  were  summed  with  a  digital  averaging  computer  (Signal 
Processor,  7T07,  San-ei]  over  a  10-msecond  sweep  duration  from  5  mseconds 
before  to  5  mseconds  after  spikes  of  single  burst  neurons.  Recording  sites  were 
marked  by  electrophoretic  ejection  of  the  dye  from  the  recording  microelectrode 
and  identified  histologically.  Stimulation  sites  were  located  by  an  electrolytic 
mark  in  histological  sections. 


Results 

The  dorsomedial  reticular  formation  was  explored  1-4  mm  rostral  to  the 
center  of  the  abducens  nucleus.  During  nystagmus  induced  by  horizontal  rotation 
of  the  turntable  or  electrical  stimulation  of  the  vestibular  nerve,  unit  spikes  that 
exhibited  burst  activity  at  the  quick  phases  were  recorded.  In  the  present  paper, 
62  burst  neurons  whose  activity  occurred  only  at  the  quick  excitatory  phase  of  the 
ipsilateral  abducens  nerve  (unidirectional  burst  neurons)  will  be  dealt  with. 


Discharge  Pattern  of  EBN s 

Unidirectional  burst  neurons  located  in  the  dorsomedial  reticular  formation 
immediately  rostral  to  the  abducens  nucleus  may  be  divided  into  two  classes  in 
terms  of  their  discharge  pattern.  A  class  of  burst  neurons  exhibited  burst  of  spikes 
at  the  beginning  of  the  quick  phases.  The  maximum  intraburst  spike  frequency 
was  300/second  in  the  neuron  of  Figure  2A  and  attained  400/second  in  other 
neurons.  When  the  direction  of  nystagmus  was  reversed,  the  neurons  were  silent 
or  fired  sporadically  without  any  relation  to  nystagmus.  The  onset  of  burst 
activity  preceded  ipsilateral  abducens  nerve  discharges  by  5-10  mseconds  and 
was  approximately  coincident  with  or  less  than  5  mseconds  before  the  onset  of 
the  steep  negative  deflection  of  the  field  potential  in  the  ipsilateral  abducens 
nucleus.  The  onset  of  the  negative  field  potential  is  known  to  be  synchronous 
with  the  mean  onset  time  of  steep  depolarization  in  motoneurons  at  the  quick 
phase.12  These  characteristics  appear  to  correspond  to  those  of  unidirectional 
medium-lead  burst  neurons  found  in  the  pontine  reticular  formation  of  the  alert 
monkey.110  These  discharge  patterns  are  essentially  similar  to  those  of  IBNs 
located  caudally  on  the  same  side,  except  that  intraburst  frequency  of  IBNs  was 
300-750/second  and  was  approximately  two  times  as  high  as  that  of  EBNs.16 

The  other  class  of  burst  neurons  was  differentiated  from  the  above  by  their 
characteristic  onset  time  of  spike  activity  related  to  the  quick  phases:  they 
exhibited  irregular  low-frequency  activity  preceding  rapid  activation  of  the 
ipsilateral  abducens  nerve  by  20-80  mseconds  and  displayed  a  burst  of  spikes 
(150-400/second)  at  the  beginning  of  or  slightly  prior  to  the  steep  negative 
deflection  of  the  field  potential  in  the  abducens  nucleus  (Figure  2B).  During 
nystagmus  directed  to  the  contralateral  side,  these  neurons  were  also  silent  or 
exhibited  sporadic  spikes  unrelated  to  nystagmic  cycle.  This  class  of  neurons 
resemble  unidirectional  long-lead  burst  neurons  in  the  monkey  pontine  reticular 
formation  in  terms  of  their  firing  characteristics.1 10 
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Figure  2.  Discharge  patterns  and  locations  of  EBNs.  A:  medium-lead  EBN.  B:  long-lead 
EBN.  In  A  and  B:  a,  unit  spikes  of  EBN;  b,  field  potentials  in  the  ipsilateral  abducens 
nucleus;  c,  ipsilateral  abducens  nerve  activity.  C  and  D:  locations  of  EBNs  identified  by 
antidromic  activation  from  the  ipsilateral  abducens  nucleus  or  by  postspike  averaging  of 
unitary  field  potential.  Marked  spots  for  recording  sites  are  projected  to  the  parasagittal 
plane  (C)  and  the  transverse  plane  (D)  indicated  by  oblique  arrows  in  C.  Filled  and  open 
circles  represent  medium-lead  and  long-lead  EBNs,  respectively.  G:  genu  facialis.  IO: 
inferior  olive.  MLF:  medial  longitudinal  fasciculus.  P:  pontine  nucleus.  TB:  trapezoid  body. 
TV;  ventral  tegmental  nucleus.  VI;  abducens  nucleus. 


Termination  of  EBN  Axons  in  the  Ipsilateral  Abducens  Nucleus 

Most  EBNs  were  antidromically  activated  by  microstimulation  within  the 
ipsilateral  abducens  nucleus.  An  example  is  shown  in  Figure  3.  The  neuron  was 
identified  as  a  medium-lead  burst  neuron  by  observing  its  firing  characteristics. 
Microstimulation  of  less  than  20  pA  intensity  was  applied  each  100  pm  along 
dorsoventral  tracks  at  intervals  of  200  pm  through  and  near  the  ipsilateral 
abducens  nucleus  (Figure  3A).  The  neuron  was  antidromically  activated  from 
two  distinctly  separated  sites  in  this  transverse  plane  (dorsal  and  ventral  spots). 
Figure  3B  shows  antidromic  spikes  induced  from  the  dorsal  effective  spot  within 
the  abducens  nucleus  at  threshold-straddling  intensity.  Its  antidromic  nature  was 
confirmed  by  a  collision  block  of  spontaneous  and  induced  spikes  (not  illus¬ 
trated). 

The  above  finding  indicates  that  the  neuron  sends  its  axon  to  or  through  the 
ipsilateral  abducens  nucleus.  To  confirm  the  termination  of  the  axon  within  the 
nucleus,  postspike  averaging  of  the  field  potential  was  employed  at  and  near  the 
sites  where  microstimulation  induced  antidromic  spikes.  The  field  potential  was 
averaged  over  a  10-msecond  sweep  duration  before  and  after  the  neuron 
discharges,  with  a  digital  computer  (Figure  3C).  Figure  3Ca  shows  the  distribu- 
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Figure  3.  Antidromic  activation  of  a  medium-lead  EBN  from  the  ipsilateral  abducens 
nucleus  and  postspike  average  of  field  potentials  in  the  abducens  nucleus  induced  by 
activity  of  the  single  EBN.  A:  microelectrode  tracks  (dotted  lines)  for  antidromic  stimula¬ 
tion.  Thick  lines  indicate  effective  sites  for  antidromic  activation  at  stimulus  intensity  of 
less  than  10  tiA.  B:  antidromic  response  of  the  EBN  to  threshold-straddling  stimulation  of 
the  dorsal  effective  site  within  the  abducens  nucleus.  C a:  thresholds  for  antidromic 
activation  measured  at  100-/im  steps  along  the  electrode  track  shown  by  arrow  in  A.  The 
diameter  of  each  circle  indicates  the  threshold  current  as  shown  below  the  diagram.  Dots 
without  circles  indicate  ineffective  sites  with  stimulus  currents  less  than  10  nA.  Cb: 
averaged  field  potentials  (10,000  sweeps)  triggered  by  spikes  of  the  EBN  shown  at  top. 
Vertical  broken  line  indicates  the  onset  time  of  trigger  spike  (oblique  arrow).  Voltage 
calibration  applies  to  field  recording. 


tion  of  thresholds  for  antidromic  activation  along  the  electrode  track  through  the 
dorsal  effective  spot  in  Figure  3A  (arrow).  Within  these  effective  sites,  the 
postspike  average  of  the  field  potential  revealed  an  early  positive-negative  spike 
followed  by  a  late  slow  negative  wave  (Figure  3Cb,  second  to  fourth  traces).  No 
appreciable  field  was  obtained  more  dorsally  or  ventrally  along  this  track. 

The  interval  between  the  trigger  spike  and  the  early  positive  peak  of  the 
average  field  potential  (first  arrow)  was  0.8  msecond.  This  value  corresponded  to 
the  latency  of  antidromic  activation  of  the  EBN,  1.0  msecond  at  stimulus  intensity 
of  1.2  times  the  threshold,  when  allowance  of  0.2  msecond  was  made  for  the 
latency  of  spike  initiation  at  the  stimulated  site.  The  initial  positive-negative 
spike  field  in  the  averaged  record  was  therefore  presumed  to  represent  the 
arrival  of  impulses  coming  from  the  EBN.  The  interval  between  the  initial 
positive  peak  of  the  presynaptic  impulse  and  the  onset  of  late  negativity  (first  and 
second  arrows  in  Figure  3Cb)  was  0.45  msecond,  which  corresponded  to  a  single 
synaptic  delay  time.  Therefore  the  late  slow  negative  field  potential  was  attrib¬ 
uted  to  postsynaptic  currents  induced  by  synaptic  action  of  the  single  EBN.  Its 
negative  polarity  suggests  that  the  synaptic  action  of  the  burst  neuron  is  excita¬ 
tory  in  nature  as  demonstrated  in  the  spinal  and  trigeminal  motor  nuclei.'8 19  This 
view  was  consistent  with  the  finding  that  the  burst  activity  was  always  in  phase 
with  rapid  excitation  of  motoneurons  in  the  abducens  nucleus  to  which  the  axon 
of  the  EBN  projected. 

Similar  results  were  obtained  with  long-lead  burst  neurons  located  in  the 
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region  rostral  to  the  abducens  nucleus:  they  were  antidromically  activated  from 
the  restricted  sites  in  the  ipsilateral  abducens  nucleus  (see  Figure  4C).  Postspike 
averaging  of  the  field  potential  was  employed  with  a  few  long*lead  burst 
neurons.  It  revealed  a  monosynaptic  unitary  negative  field,  suggesting  that  at 
least  some  of  the  long-lead  burst  neurons  also  send  axons  to  the  ipsilateral 
abducens  nucleus  and  make  monosynaptic  excitatory  connection  with  motoneu¬ 
rons  and/or  interneurons. 


Location  of  EBNs 

Recording  sites  of  medium-lead  and  long-lead  EBNs  identified  by  antidromic 
activation  from  the  localized  area  in  the  ipsilateral  abducens  nucleus  were 
studied  in  histological  sections.  They  were  immediately  rostral  to  the  abducens 


Figure  4.  Antidromic  activation  of  a  long-lead  EBN  from  the  ipsilateral  abducens 
nucleus,  IBN  area,  and  medial  vestibular  nucleus.  A:  an  example  of  collision  block  test.  The 
sweeps  were  triggered  by  rotation-induced  spikes  that  were  followed  by  antidromic 
stimulation.  Stimulation  in  b  failed  to  evoke  spikes  in  contrast  to  full  activation  with  slightly 
delayed  stimulation  in  a.  B:  horizontal  view  of  the  brain  stem,  showing  effective  sites  for 
antidromic  activation  of  the  EBN  whose  location  is  indicated  by  oblique  arrow.  C-E: 
transverse  view  of  three  planes  indicated  by  horizontal  arrows  1,  2,  and  3  in  B.  The 
diameter  of  each  circle  indicates  the  threshold  current  as  shown  in  the  bottom-right.  Dots 
without  circles  indicate  threshold  currents  greater  than  20  nA.  The  diameter  of  each  circle 
in  B  represents  the  lowest  threshold  value  in  each  track  of  stimulating  microelectrode. 
Numerals  in  B  and  E  indicate  latencies  in  mseconds  of  antidromic  response  of  the  EBN 
from  respective  spots.  AB.N:  abducens  nucleus.  LVN:  lateral  vestibular  nucleus.  MVN: 
medial  vestibular  nucleus.  PH:  prepositus  hypoglossi  nucleus.  VII:  facial  nerve. 
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nucleus  (Figure  2C  and  D).  The  ventrally  located  EBNs  were  found  in  the 
dorsocaudal  portion  of  the  paramedian  pontine  reticular  formation  (PPRF) 
delineated  in  the  cat  by  Graybiel;20  but  the  location  of  many  EBNs,  especially 
medium-lead  ones,  extended  farther  dorsally  outside  the  PPRF.  Since  sampling 
is  small  in  number,  it  cannot  be  stated  at  the  present  stage  of  study  whether  there 
is  any  tendency  toward  different  locations  between  medium-lead  and  long-lead 
EBNs. 


Collateral  Projection  of  E BN  Axons  in  the  Brain  Stem 

It  was  investigated  whether  the  axons  of  EBNs  project  only  to  the  ipsilateral 
abducens  nucleus  or  to  other  regions  in  the  brain  stem  or  the  spinal  cord  as  well. 
For  this  purpose,  microelectrode  tracking  was  made  in  a  wide  area  caudal  to  the 
level  of  the  abducens  nucleus  for  antidromic  activation  of  single  EBNs.  Figure  4 
exemplifies  the  distribution  of  effective  sites  for  antidromic  activation  of  a  single 
long-lead  EBN  with  stimulus  currents  of  less  than  20  nA.  A  collision-block  test 
was  employed  to  exclude  the  possibility  of  orthodromic  activation  or  of 
antidromic  activation  of  a  neighboring  neuron  that  was  spontaneously  silent  and 
had  a  shape  of  spikes  similar  to  that  of  the  neuron  concerned  (Figure  4A).  The 
effective  spots  were  found  not  only  in  the  ipsilateral  abducens  nucleus  (Figure 
4C)  but  also  farther  caudally  along  the  zone  ventrolateral  to  the  ipsilateral  medial 
longitudinal  fasciculus  (Figure  4B-E).  In  the  frontal  plane  2  and  3  in  Figure  4B, 
the  effective  region  in  the  dorsomedial  reticular  formation  corresponded  well  to 
the  area  of  IBNs  (Figure  4D  and  E).16  The  effective  sites  were  found  farther 
laterally  in  the  rostral  part  of  the  medial  vestibular  nucleus  as  well  (Figure  4E). 

It  was  noted  that  the  low  threshold  spots  were  separated  by  relatively  high 
threshold  sites  in  the  region  of  IBNs  as  well  as  in  the  ventral  area  of  the  medial 
vestibular  nucleus.  These  results  suggest  that  the  axon  of  the  single  EBN  extends 
caudally  and  that  collaterals  emerging  from  the  stem  axon  give  off  a  number  of 
ramifications  in  the  ipsilateral  IBN  region  and  the  medial  vestibular  nucleus. 
Antidromic  latencies  were  not  always  shorter  at  the  proximal  sites  than  at  the 
distal  sites  relative  to  the  location  of  the  EBN  cell.  There  was  jumping  of  latencies 
at  different  spots  close  to  each  other,  as  indicated  by  several  samples  of  latencies 
in  Figure  4B  and  E.  Therefore  the  distribution  of  effective  spots  in  Figure  4 
cannot  be  attributed  to  the  simple  course  of  a  single  passing  axon,  but  supports 
the  view  that  a  single  EBN  axon  issues  collateral  branches  and  may  terminate  in 
the  IBN  region  and  the  medial  vestibular  nucleus. 

Most  long-lead  EBNs,  which  were  antidromically  activated  from  the  ipsilat¬ 
eral  abducens  nucleus,  projected  to  the  ipsilateral  IBN  area  and  the  medial 
vestibular  nucleus.  Some  medium-lead  EBNs  were  also  antidromically  activated 
from  these  regions.  None  of  the  EBNs,  however,  could  be  activated  antidromi¬ 
cally  from  the  spinal  cord  at  the  C2  level. 

During  exploration  of  the  region  immediately  rostral  or  rostroventral  to  the 
abducens  nucleus  for  single-unit  recording,  we  often  encountered  neurons  that 
were  antidromically  activated  from  both  the  ipsilateral  abducens  nucleus  and  the 
C2  spinal  cord.  The  conduction  velocities  of  the  descending  axons  to  the  spinal 
cord  were  estimated  to  be  60-90  m/second.  These  values  were  an  approximation, 
because  they  were  calculated  from  the  antidromic  latency  and  the  conduction 
distance  with  a  single  spinal-stimulating  electrode,  on  the  assumption  that  the 
latency  of  spike  initiation  at  the  stimulated  site  was  0.15  msecond.  These 
reticulospinal  neurons  were  intermingled  with  ventrally  located  EBNs,  and  their 
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g  location  appeared  to  be  in  the  dorsocaudal  region  of  the  PPRF.  An  example  is 

shown  in  Figure  5.  Figure  5A  shows  collision  block  between  spontaneous  spikes 
-  and  spikes  induced  by  stimulation  of  the  spinal  cord  (a)  or  the  abducens  nucleus 

(b),  indicating  antidromic  activation  from  these  two  structures.  In  and  near  the 
ipsilateral  abducens  nucleus,  lower  threshold  spots  for  antidromic  activation 
were  separated  by  intervening  higher-threshold  sites  (Figure  5B),  suggesting 
axonal  branching  in  and  near  the  abducens  nucleus.  Postspike  averaging  of  field 
potentials  in  the  abducens  nucleus  triggered  from  spikes  of  this  class  of  neurons 
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Figure  5.  Discharge  pattern  of  a  reticular  neuron  projecting  to  the  abducens  nucleus  and 
spinal  cord.  A:  collision  test.  Rotation-induced  spikes  were  followed  by  antidromic 
stimulation  of  the  spinal  cord  at  C2  (a)  and  abducens  nucleus  (b).  Arrows  indicate  stimulus 
artifacts.  In  the  right  record  of  a,  spinal  cord  stimulation  induced  only  field  potential 
without  unit  spikes  concerned.  B:  mapping  of  thresholds  at  effective  sites  in  and  near  the 
ipsilateral  abducens  nucleus  for  antidromic  activation  of  the  neuron.  C:  location  of  the 
neuron  farrow).  D:  response  of  the  neuron  to  horizontal  rotation  of  the  turntable.  Spikes 
were  increased  in  frequency  fa)  during  ipsilateral  rotation  [left  half)  without  any  relation  to 
ipsilaterally  directed  quick  phases  of  abducens  nerve  discharges  (b).  They  were  silent 
during  contralateral  rotation  fright  half)  inducing  nystagmus  in  the  reversed  direction.  E: 
response  of  the  neuron  after  repetitive  stimulation  of  the  ipsilateral  vestibular  nerve.  The 
interval  between  left  and  right  record  was  1  second. 


revealed  a  unitary  negative  field  (not  illustrated).  It  is  therefore  suggested  that  a 
number  of  reticulospinal  neurons  located  in  the  region  rostroventral  to  the 
abducens  nucleus  send  their  axon  collaterals  to  the  ipsilateral  abducens  nucleus 
and  therein  terminate  with  excitatory  synapses.  Their  axonal  branching  in  the 
abducens  nucleus  appeared  to  be  more  profuse  than  that  of  EBNs  (compare 
Figure  5B  with  Figure  3A  or  4C). 

It  should  be  stressed,  however,  that  these  reticulospinal  neurons  have  never 
exhibited  unidirectional  burst  activity  related  to  the  ipsilaterally  directed  quick 
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phases  of  nystagmus.  Their  firing  frequency  was  smoothly  increased  with 
ipsilateral  angular  acceleration  and  decreased  with  contralateral  acceleration 
(type  I  response),  even  though  ipsilaterally  or  contralaterally  directed  quick 
phases  were  clearly  recorded  in  the  abducens  nerve  during  sinusoidal  horizontal 
rotation  (Figure  5D).  Immediately  after  electrical  stimulation  of  the  ipsilateral 
vestibular  nerve,  their  firing  frequency  was  tonically  increased  when  the 
frequency  of  nystagmus  was  high  (left  record  in  Figure  5E).  As  the  neuron 
became  gradually  less  active,  the  frequency  and  amplitude  of  nystagmic 
discharges  in  the  abducens  nerve  also  gradually  decreased  (right  record  in 
Figure  5E).  Thus,  these  neurons  do  not  seem  to  be  related  directly  to  generation 
of  fast  eye  movement,  but  probably  provide  abducens  motoneurons  with  a 
background  excitatory  input  that  facilitates  burst  activity  of  the  motoneurons  at 
the  time  of  arrival  of  EBN  input  in  the  abducens  nucleus. 


Target  Neurons  of  EBN  Axons 

The  area  immediately  rostral  to  the  abducens  nucleus  was  stimulated  with  a 
tungsten  microelectrode  to  find  possible  target  neurons  with  which  EBN  axons 
might  make  direct  connection.  The  tip  of  the  microelectrode  was  placed  in  the 
area  where  EBNs  were  densely  located,  i.e.,  1.2  mm  lateral  to  the  midline  and  1.5 
mm  in  depth  from  the  surface  of  the  biain  stem  along  the  electrode  track 
indicated  by  arrows  in  Figure  2C.  The  stimulation  sites  were  later  confirmed 
histologically.  The  axons  of  single  EBNs  terminated  in  the  abducens  nucleus,  and 
probably  in  the  IBN  region  and  the  medial  vestibular  nucleus  as  described  above. 
Therefore,  abducens  motoneurons,  IBNs,  and  type  I  and  II  vestibular  nucleus 
neurons  were  selected  for  studying  effects  of  microstimulation  of  the  EBN  area. 

Intracellular  recording  was  made  from  abducens  motoneurons  that  were 
identified  by  antidromic  stimulation  of  the  abducens  nerve.  When  the  ipsilateral 
EBN  area  was  stimulated  at  the  intensity  of  20  fiA  (0.1  msecond  in  duration), 
EPSPs  were  produced  in  motoneurons  (Figure  6C).  The  latency  of  EPSPs  was  1.0 
msecond  (0.8-1 .2  mseconds  in  other  motoneurons),  suggesting  a  monosynaptic 
connection  with  motoneurons  on  the  basis  of  antidromic  latencies  of  EBNs, 
ranging  from  0.4-1. 3  mseconds,  from  the  abducens  nucleus.  The  amplitude  of 
EPSPs  induced  by  single  shocks  was  relatively  small  (less  than  2  mV).  With 
double  shock  stimulation  at  short  intervals,  the  monosynaptic  EPSP  in  response 
to  the  second  shock  was  markedly  increased  in  amplitude  (Figure  6C).  The 
time-to-peak  of  the  second  EPSP  was  1.6  responds,  which  was  approximately 
the  same  as  that  of  the  first  EPSP.  This  suggests  that  the  observed  increase  in 
amplitude  of  the  second  EPSP  was  not  due  to  delayed  polysynaptic  effects  but 
mainly  due  to  facilitation  of  the  monosynaptic  EPSP.  The  time  course  of  the 
facilitation  relative  to  the  interval  of  double  shocks  is  shown  in  Figure  6B: 
appreciable  amount  of  facilitation  lasted  for  approximately  20  mseconds  after  the 
first  shock.  The  origin  of  this  facilitation  is  not  clear  at  the  present  stage.  There 
I  are  at  least  two  possibilities:  (1)  microstimulation  delivered  at  the  EBN  area  may 

jj  excite  not  only  cell  somata  located  there  but  also  presynaptic  fibers  terminating 

•  on  EBNs.  Activation  of  presynaptic  fibers  caused  by  the  first  conditioning  shock 

!  would  expand  the  subliminal  fringe  of  EBNs  and  thereby  facilitate  the  response 

\  of  abducens  motoneurons  to  the  second  test  shock;  (2)  the  observed  facilitation 

|  would  be  caused  by  frequency  potentiation  at  the  terminals  synapsing  with 

I  abducens  motoneurons. 

I  Extracellular  spikes  of  IBNs  were  recorded  in  the  area  caudal  to  the  abducens 

|  nucleus.  They  were  identified  by  observing  burst  activity  during  the  quick  phases 
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directed  to  the  ipsilateral  side  and  antidromic  activation  in  response  to  micro¬ 
stimulation  of  the  contralateral  abducens  nucleus18  (Figure  6Fa).  The  identified 
IBNs  were  activated  by  microstimulation  of  the  ipsilateral  EBN  area  at  a  stimulus 
intensity  of  20  fiA.  In  Figure  6Fb,  single-shock  stimulation  did  not  induce  spikes, 
while  double  shocks  clearly  evoked  spikes  of  the  IBN  with  fluctuating  latencies, 
indicating  a  transsynaptic  activation.  The  latencies  ranged  from  1.3  to  2.2 


Figure  6.  Effects  of  microstimulation  of  the  EBN  area  on  abducens  motoneurons,  IBNs, 
and  type  I  and  II  vestibular  nucleus  neurons.  A:  schematic  diagram  showing  relevant 
neural  connections.  B:  facilitation  of  second  EPSPs  in  an  abducens  motoneuron  with 
double  shocks  to  the  EBN  area  at  varied  intervals.  C:  specimen  records  of  EPSPs  in  the 
same  abducens  motoneuron.  Intervals  between  two  shocks  were  varied.  Time  scale  of  4 
mseconds  applies  to  the  second  to  fourth  traces.  Dotted  lines  are  drawn  on  the  basis  of 
averaged  EPSPs  induced  by  a  single  shock.  D:  spikes  of  a  type  II  vestibular  neuron  (four 
superimposed  traces)  in  response  to  double  shocks  (arrows)  to  the  EBN  area.  Single  shock 
stimulation  induced  no  spikes.  E:  inhibition  of  spikes  of  a  type  I  vestibular  neuron  (50 
superimposed  traces),  a:  spontaneous  spikes  without  stimulation,  b:  response  to  triple 
shocks  (mark)  to  the  EBN  area,  c:  response  to  single  shock  (arrow)  to  the  contralateral 
vestibular  nerve.  F:  response  of  an  IBN.  a:  antidromic  response  to  microstimulation  (arrow) 
of  the  contralateral  abducens  nucleus,  b:  spikes  induced  by  double  shocks  (arrows)  to  the 
EBN  area.  Single-shock  stimulation  induced  no  spikes.  Intensity  of  stimulus  currents  at  the 
EBN  area  was  20  jiA  (0.1-msecond  duration)  in  each  case. 


mseconds  from  the  effective  shock.  These  latency  values  for  spike  evocation 
suggest  the  existence  of  monosynaptic  excitatory  connection  with  IBNs  from  the 
EBN  area,  taking  it  into  account  that  the  antidromic  latencies  of  EBNs  from  the 
IBN  area  Were  0.3-1.0  msecond. 

Spikes  of  type  II  neurons  were  extracellularly  recorded  in  the  ventral  part  of 
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the  medial  vestibular  nucleus.  Type  II  neurons  were  identified  by  observing  an 
increase  in  spike  frequency  during  contralateral  horizontal  angular  acceleration 
and  a  decrease  in  frequency  with  ipsilateral  acceleration.21  Type  II  neurons  that 
were  activated  by  single  shocks  to  the  contralateral  vestibular  nerve  with 
relatively  short  latencies  (2.5-3.5  mseconds)22  were  selected  for  further  study. 
When  microstimulation  (20  #iA)  was  delivered  at  the  ipsilateral  GBN  area,  spikes 
of  these  type  II  neurons  were  induced  with  varied  latencies  (1.1-2.5  mseconds) 
(Figure  6D),  indicating  a  transsynaptic  activation.  The  shortest  latency  of  evoked 
spikes  after  the  effective  second  shock,  1.1  mseconds,  suggests  that  there  is  also  a 
monosynaptic  excitatory  connection  from  the  EBN  area  to  horizontal  type  II 
neurons.  No  antidromic  activation  was  found  in  type  II  neurons  after  stimulation 
of  the  EBN  area. 

Spike  activity  of  horizontal  type  I  vestibular  neurons21  was  suppressed  for 
approximately  20  mseconds  after  microstimulation  of  the  EBN  area  (2-3  shocks  at 
intervals  of  1-2  mseconds)  (Figure  6Eb).  Suppression  of  type  I  spike  activity  can 
well  be  explained  by  the  above-mentioned  activation  of  type  II  neurons,  because 
the  latter  exert  an  inhibitory  action  on  the  former.13  The  duration  of  suppression 
of  type  I  spikes  was  similar  to  that  of  commissural  inhibition  .through  type  II 
neurons  (Figure  6Ec).“ 


Discussion 

Locations  of  abducens  motoneurons,  IBNs,  and  type  II  vestibular  neurons 
were  consistent  with  the  areas  to  which  the  axon  collaterals  of  single  EBNs 
projected.  Microstimulation  confined  to  the  EBN  area  monosynaptically  acti¬ 
vated  ipsilateral  abducens  motoneurons,  IBNs,  and  type  II  vestibular  neurons. 
These  results  suggest,  though  they  do  not  directly  demonstrate,  that  EBNs 
provide  a  common  excitatory  input  to  induce  burst  activity  of  these  three  kinds  of 
neuron. 

The  ventral  part  of  the  EBN  area  contains  nonbursting  reticulospinal  neurons 
that  send  axon  collaterals  to  the  abducens  nucleus  (Figure  5).  On  the  basis  of 
their  anatomical  locations,  these  neurons  may  correspond  to  a  class  of  morpho¬ 
logically  identified  reticulospinal  neurons  that  send  axon  collaterals  to  the 
abducens  nucleus,  the  dorsomedial  reticular  formation  caudal  to  the  abducens 
nucleus,  and  the  medial  vestibular  nucleus,  ipsilaterally.23  Although  the  func¬ 
tional  identity  of  their  target  neurons  in  the  dorsomedial  reticular  formation  and 
the  medial  vestibular  nucleus  has  been  unknown,  there  is  a  possibility  that 
monosynaptic  excitatory  action  on  IBNs  and  type  II  vestibular  neurons  after 
electrical  stimulation  of  the  EBN  area  also  involves  the  action  of  collateral 
projection  of  these  reticulospinal  neurons.  However,  so  far  as  nystagmus  is 
concerned,  the  reticulospinal  neurons  in  the  EBN  area  did  not  exhibit  unidirec¬ 
tional  burst  activity  during  ipsilaterally  directed  fast  eye  movement.  These 
reticulospinal  neurons  therefore  would  not  be  a  candidate  for  a  common  input 
causing  burst  activity  of  abducens  motoneurons,  IBNs,  and  type  II  vestibular 
neurons.  Further  study  is  needed  to  find  a  possible  burster  providing  a  common 
source  of  ocular  and  spinal  associated  activity. 

A  previous  intracellular  study  on  cat  abducens  motoneurons  described  char¬ 
acteristics  of  changes  in  the  membrane  potential  of  motoneurons  in  association 
with  quick  phases  of  vestibular  nystagmus,  and  revealed  component  postsynaptic 
potentials  composing  the  membrane-potential  changes.24  At  the  beginning  of  the 
quick  phase,  a  burst  of  spikes  in  the  agonist  was  induced  by  a  steep  depolarize- 
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tion  of  motoneurons,  which  consisted  of  sudden  production  of  EPSPs  and 
disinhibition.  In  the  antagonist,  the  spike  activity  was  rapidly  suppressed  at  the 
time  of  steep  hyperpolarizing  deflection  of  the  membrane  potential.  The  hyper¬ 
polarization  was  found  to  consist  of  sudden  production  of  IPSPs  and  disfacilita- 
tion.  These  postsynaptic  potential  changes  are  attributable  to  activities  of  at  least 
four  classes  of  identified  premotor  neurons  located  in  both  the  reticular  forma¬ 
tion  and  the  vestibular  nuclei.  The  steep  depolarization  in  agonistic  abducens 
motoneurons  to  initiate  fast  eye  movement  is  explained  well  by  excitatory 
synaptic  action  originating  from  ipsilateral  EBNs  plus  disinhibition  due  to 
sudden  cessation  of  preexisting  activity  of  ipsilateral  inhibitory  type  I  vestibular 
neurons. 12,14  The  concomitant  steep  hyperpolarization  in  antagonistic  abducens 
motoneurons  is  caused  by  inhibitory  synaptic  action  originating  from  contralat¬ 
eral  IBNs  plus  disfacilitation  due  to  sudden  cessation  of  preexisting  activity  of 
contralateral  excitatory  type  I  vestibular  neurons.12'14,1®17 

It  was  further  shown  that  the  steep  depolarization  in  agonistic  motoneurons 
and  the  steep  hyperpolarization  in  antagonistic  motoneurons  occurred  synchro¬ 
nously  at  the  beginning  of  quick  phases  of  both  optokinetic  and  vestibular 
nystagmus  in  the  alert  cat.28  This  synchronism  appears  to  be  attributed  to  the 
specific  connection  of  collateral  axons  of  single  EBNs  with  their  target  neurons. 
Simultaneously  with  activation  of  agonistic  abducens  motoneurons  due  to  burst 
activity  of  EBNs,  a  burst  of  IBNs  induced  by  EBN  activity  inhibits  contralateral 
abducens  motoneurons  as  an  antagonistic  inhibition.  At  the  same  time,  EBNs 
activate  type  II  vestibular  neurons  that  inhibit  ipsilateral  excitatory  and  inhibi¬ 
tory  premotor  type  I  vestibular  neurons,  thus  causing  disfacilitation  and  disinhi¬ 
bition  of  abducens  motoneurons.  These  mechanisms  should  be  responsible,  at 
least  in  part,  for  the  synchronism  of  abrupt  changes  in  activities  of  premotor 
reticular  and  vestibular  neurons  and  thereby  assure  well-coordinated  activity  of 
the  lateral  rectus  muscles  of  both  eyes  during  horizontal  conjugate  fast  eye 
movements.  The  possibility  cannot  be  excluded,  however,  that  other  neurons— 
such  as  those  located  in  the  prepositus  hypoglossi  nucleus  or  other  areas  in  the 
reticular  formation — may  also  act  as  premotor  neurons  for  the  generation  of 
horizontal  fast  eye  movements. 

Keller  proposed  a  hypothesis  that  medium-lead  burst  neurons  receive  an 
inhibitory  influence  from  pause  neurons  that  exhibit  tonic  discharges  except 
during  fast  eye  movements.10  It  has  recently  been  reported  that  pause  neurons 
are  antidromically  activated  from  the  IBN  area  and  that  IBNs  are  monosynapti- 
cally  inhibited  by  stimulation  of  the  pause  neuron  area,  supporting  the  view  that 
burst  activity  of  IBNs  may  be  caused  by  release  of  the  inhibition  from  pause 
neurons.28  This  may  be  related  to  the  finding  that  intraburst  frequency  of  IBNs 
was  much  higher  than  that  of  EBNs  on  average.  The  excitatory  input  from  EBNs 
plus  the  above-described  disinhibition  may  be  effective  for  producing  extremely 
high  frequency  burst  of  IBNs. 

An  input  to  EBNs  should  arise  originally  from  the  ipsilateral  horizontal  canal 
so  far  as  rotation-induced  fast  eye  movements  are  concerned.  The  pathway  from 
secondary  vestibular  neurons  to  EBNs  appears  to  be  polysynaptic  on  the  basis  of 
long-latency  activation  of  EBNs  after  stimulation  of  the  ipsilateral  vestibular 
nerve.  It  is  not  known,  however,  how  slow-phase  discharges  in  secondary 
vestibular  neurons  are  converted  into  intermittent  burst  activity  of  EBNs.  The 
initiation  of  burst  could  be  either  due  to  membrane  properties  of  EBNs 
themselves  or  caused  by  local  neuronal  circuits. 

The  present  study  has  shown  that  long-lead  EBNs  also  terminate  in  the 
abducens  nucleus.  This  was  unexpected,  because  an  intracellular  study  on 
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abducens  motoneurons  had  shown  that  there  was  no  slowly  depolarizing  poten¬ 
tial  before  abrupt  EPSPs  were  produced  at  the  beginning  of  the  quick  phase.24 
The  summated  EPSPs,  which  were  produced  by  low-frequency  activity  of  EBNs 
as  a  prelude  to  a  high-frequency  burst,  might  be  obscured  by  an  intense  IPSP 
arising  from  inhibitory  vestibular  neurons  during  the  slow  phase.12  Such  a 
mechanism  infers  an  important  role  of  inhibitory  vestibular  neurons  in  genera¬ 
tion  of  burst  activity  of  abducens  motoneurons,  by  means  of  disinhibition  due  to 
sudden  cessation  of  their  spike  activity  at  the  quick  phase.  Alternatively,  a 
possible  frequency  potentiation  at  EBN  terminals  (see  above)  might  be  function¬ 
ally  significant.  The  low-frequency  prelusive  activity  of  EBNs  would  cause  only 
small  EPSPs,  while  the  high-frequency  burst  would  produce  a  large  depolariza¬ 
tion  due  to  frequency  potentiation.  These  possibilities  remain  to  be  studied  at  the 
single-neuron  level. 
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HORIZONTAL  EYE  MOVEMENT  SIGNALS  IN  SECOND- 
ORDER  VESTIBULAR  NUCLEI  NEURONS  IN  THE  CAT* 
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Laboratory  of  Neurosensory  Physiology 
National  Center  for  Scientific  Research  (CNRS) 
75270  Paris  Cedex  06,  France 


Introduction 

The  functional  role  of  the  vestibulo-ocular  reflex  is  to  decrease  retinal  slip 
induced  by  head  movements.  This  is  performed  by  compensatory  eye  move¬ 
ments  in  the  direction  opposite  to  the  head.  The  neuronal  organization  underly¬ 
ing  the  vestibulo-ocular  reflex  (VOR),  since  its  initial  description  by  Lorente  de 
N6,1  has  been  studied  extensively  in  acute  preparations.  In  his  initial  concept  of 
the  organization  of  the  reflex,  Lorente  de  N6  recognized  that  the  reflex  was 
articulated  around  a  three-neuron  arc.  The  first-order  neuron  was  the  vestibular 
primary  afferent  terminating  in  the  vestibular  nucleus,  the  second-order  neuron 
was  a  vestibular  nucleus  neuron  with  an  axon  terminating  in  the  nuclei  contain¬ 
ing  the  eye  muscle  motoneurons,  and  the  last  neuron  was  the  motoneuron. 
Lorente  de  N6  suggested  that  second-order  vestibular  neurons  were  merely  relay 
neurons,  transmitting  the  tonic  input  from  the  labyrinth  to  the  motoneurons.  In 
his  schema  concerning  the  generation  of  vestibular  nystagmus,  he  proposed  that 
the  fast  phase  of  vestibular  nystagmus  would  be  produced  by  a  reticular 
generator,  receiving  a  collateral  from  the  vestibular  nucleus  neurons  and  feeding 
forward  a  pulselike  activity  to  the  motoneurons.  However,  he  recognized  that 
some  activity  was  fed  back  from  the  reticular  centers  to  the  vestibular  nucleus 
neurons,  and  thought  that  this  loop  was  essentially  contributing  to  reexcitation. 
Evidence  that  the  activity  of  second-order  vestibular  neurons  during  vestibular 
nystagmus  was  not  purely  tonic,  but  was  modulated  in  relation  with  the  eye 
movements,  was  provided  in  the  cat  by  recordings  of  identified  axons  of 
second-order  vestibular  neurons,  presumably  terminating  in  the  abducens  and 
trochlear  nuclei.2"5  It  was  demonstrated  that  inhibitory  vestibular  neurons 
projecting  to  the  ipsilateral  side  (Vi)  or  excitatory  vestibular  neurons  terminating 
in  the  contralateral  motor  nuclei  (Vc)  showed  modulation  of  their  firing  activity 
together  with  the  slow  and  the  quick  phases  of  vestibular  nystagmus. 

In  addition,  considerable  evidence  has  been  accumulated  concerning  the 
presence  in  the  vestibular  nucleus  of  eye  movement-related  activity.  Results 
obtained  in  the  cat  were  generally  obtained  from  acute  preparations.5"’  In  the 
monkey,  the  combination  of  head-  and  eye-movement  signals  carried  by  vestibu¬ 
lar  nucleus  neurons  was  mainly  studied  in  alert  animals. ’’4  However,  in  these 
studies  only  incomplete  identification  of  vestibular  nuclei  neurons  was  made, 
and  consequently  it  was  not  possible  to  assert  whether  the  findings  obtained  from 
identified  second-order  vestibular  neurons  in  the  acute  cat  during  vestibular 
nystagmus  could  be  confirmed  for  all  types  of  eye  movements  in  the  alert 
animals. 

•This  research  was  supported  by  CNRS. 

tSupported  by  grants  from  INSERM  and  Fondation  de  France.  Present  affiliation: 
Institute  of  Basic  Medical  Sciences,  University  of  Tsukuba,  Niihari  Gun,  Ibarakin  Ken 
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In  the  present  work,  we  have  attempted  to  record  in  the  alert  cat  from  axons 
of  second-order  vestibular  neurons  identified  by  electrophysiological  and/or 
morphological  methods  in  order  to  study  the  precise  discharge  characteristics  of 
these  neurons  during  either  spontaneous  or  vestibular-evoked  eye  movement. 
We  shall  report  only  preliminary  results  concerning  horizontal  type  I  second- 
order  Vi  and  Vc  neurons  terminating  in  the  abducens  nucleus.  Other  preliminary 
results  concerning  the  morphology  and  physiology  of  horizontal  and  vertical 
neurons  have  been  given  elsewhere. ,7'19 


Methods 

Eye  Movement  Recording 

Eye  movements  were  recorded  in  the  alert  cat  by  the  search  coil  technique.15 
Search  coils  were  implanted  chronically  around  the  orbit,  and  the  animal  was 
placed  in  a  magnetic  field,  pulsating  at  10  kHz,  which  allowed  the  recording  of 
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Figure  1.  Intra-axonal  recording  of  second- 
order  vestibular  neurons  in  the  alert  cat.  Schema 
of  the  experimental  paradigm:  stimulation  and 
recording  sites.  Stimulating  electrodes  (S2,  S3)  are 
implanted  in  the  ipsi-  (Li)  and  contralateral  (Lc) 
labyrinth  for  identification  of  second-order  vesti¬ 
bular  nucleus  (VN)  neurons  by  orthodromic  stimu¬ 
lation.  The  intracellular  recording  site  of  the  axons 
of  ipsi-  (Vi)  or  contralateral  (Vc)  vestibular 
neurons  is  identified  in  the  abducens  nucleus  with 
the  help  of  the  antidromic  stimulation  of  the 
abducens  nerve  (Sl-Anti).  Only  the  axonal  branch 
of  second-order  vestibular  neurons  terminating  in 
the  abducens  nucleus  is  shown  here.  Other 
branches  (see,  for  example.  Figure  5)  have  been 
omitted  for  the  sake  of  clarity.  LR,  lateral  rectus. 
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vertical  and  horizontal  components  of  eye  movements.  The  bandwidth  of  the 
recording  system  (Skalar)  was  300  Hz,  the  precision  was  on  the  order  of  10 
minutes  of  arc.  Eye  movements  were  calibrated  by  moving  the  magnetic  field 
around  the  head  of  the  cat. 


Procedure  /or  the  Identification  of  Vestibular  Nucleus  Neurons 

Axons  from  vestibular  nuclei  neurons  were  recorded  in  the  vicinity  of  the 
abducens  nucleus  (Figure  1).  The  abducens  nucleus  was  identified  by  chroni¬ 
cally  implanted  stimulation  electrodes,  placed  on  the  abducens  nerve  as  it  exits 
from  the  brain  stem.  Single-shock  stimulation  of  the  antidromic  stimulating 
electrodes  evoked  field  potentials  in  the  abducens  nucleus,  which  allowed  the 
identification  of  the  exact  location  of  the  nucleus.  In  addition,  the  vestibular 
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nerves  were  stimulated  with  bipolar  fine  silver  ball  electrodes,  chronically 
implanted  in  the  labyrinth  on  both  sides.  Single  shock  of  vestibular  nerves  by 
these  electrodes  evoked  spike  discharges  in  axons  of  vestibular  neurons  project¬ 
ing  to  the  ipsilateral  (Vi)  or  contralateral  (Vc)  side.  The  axonal  character  of  the 
recording  was  evidenced  by  (a)  the  lack  of  synaptic  potentials;  and  (b)  the  latency 
of  evoked  spike  potentials,  which  fluctuated  at  threshold  intensity  and  shortened 
considerably  with  increasing  stimulus  intensity,  indicating  the  transsynaptic 
nature  of  activation.  When  tested  with  stimulus  intensities  of  1.5  to  2  times  the 
threshold,  the  latencies  ranged  from  0.6  to  0.9  msecond.  In  addition,  the  spike 
potentials  were  superimposed  on  small  negative  field  potentials,  attributable  to 
second-order  vestibular  fibers  in  the  abducens  nucleus.  This  method  of  identifi¬ 
cation  has  some  limitations,  because  only  vestibular  neurons  activated  from  the 
contralateral  labyrinth  (Vc)  can  be  identified  with  certainty.  The  reason  for  this 
ambiguity  is  that,  when  recording  an  axon  in  the  abducens  nucleus,  if  this  axon  is 
stimulated  by  the  ipsilateral  labyrinth,  it  can  be  either  a  true  vestibular  nucleus 
neuron  projecting  to  the  ipsilateral  side  (Vi)  or  a  neuron  that  crosses  the  midline 
after  its  passage  in  the  nucleus  and  is  therefore  an  axon  of  Vc  type.  For  this 
reason,  we  have  complemented  the  identification  by  electrophysiological  meth¬ 
ods  with  intracellular  injection  of  horseradish  peroxidase  (HRP)  in  the  axons  of 
the  neurons.  The  details  of  this  method  have  been  presented  elsewhere.16'19  It 
allows  the  complete  reconstruction  of  the  neuron  from  the  soma  to  the  terminal 
arborizations  and,  therefore,  the  description  of  both  the  functional  and  the 
morphological  properties  of  these  neurons. 


Recording  of  Neuronal  Activity 

Recordings  were  obtained  with  intracellular  penetration  of  the  axons  of 
vestibular  neurons.  The  axons  were  recorded  by  glass  microelectrodes  (1-  to 
2-micron  tip)  that  penetrated  the  brain  stem  through  the  intact  cerebellum.  To 
have  access  to  the  cerebellum,  a  small  hole  3-5  mm  in  diameter  was  made  on  the 
Iamboidal  ridge,  and  in  between  sessions,  this  hole  was  covered  with  a  thin  film 
of  Silastic  and  bone  wax.  Microelectrodes  were  filled  with  3  M  KC1  solution,  and 
for  morphological  studies,  micropipettes  were  filled  with  10%  solution  of  HRP  in 
tris-buffer  (pH  7.2)  and  0.5  M  KC1.  Electrode  resistance  varied  from  15  to  30 
megohms. 


Vestibular  Stimulation 

The  cats  were  immobilized  in  a  stereotaxic  apparatus,  and  the  head  inclined 
in  order  to  place  the  semicircular  canals  in  the  horizontal  plane.  This  apparatus 
was  mounted  on  a  velocity-controlled  turntable  that  provided  horizontal  sinusoi¬ 
dal  oscillation,  stimulating  the  labyrinth.  In  the  present  work,  frequencies  of  0.1 
to  0.3  Hz  were  used,  with  peak  velocities  ranging  from  20  to  200°/second.  A  large 
shutter  facing  the  head  of  the  cat  was  mounted  on  the  turntable,  allowing  the 
experimenters  to  test  the  neuronal  activity  either  in  light  or  in  darkness.  A  typical 
protocol  was  the  recording  of  spontaneous  eye  movements  in  the  dark,  followed 
by  vestibular  stimulation  in  the  dark  at  one  or  more  sinusoidal  frequencies  with 
different  amplitudes.  These  two  measurements  were  then  repeated  after  the 
opening  of  the  shutter  in  order  to  obtain  information  concerning  the  behavior  of 
the  neurons  in  the  light. 
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Eye  movement  components,  neuronal  discharge,  and  table  velocity  were 
recorded  on  analog  magnetic  tape  and  processed  on  a  digital  computer  (HP  5451 
B  and  HP  1000).  Eye  velocity  was  calculated  by  filtering  the  data  with  a  digital 
polynomial  filter  introducing  no  phase  shift.  Instantaneous  firing  rate  was 
calculated,  and  in  some  cases,  averaged  over  50-millisecond  bins.  For  the 
calculation  of  the  range  of  firing  rate  of  each  neuron  in  relation  to  eye  position 
(rate-position  curve),  a  mean  eye  position  was  calculated  by  averaging  all  the  eye 
movements  of  the  cat  over  a  period  of  several  minutes.  This  gave  an  approximate 
evaluation  of  the  resting  eye  position  in  the  orbit. 


Results 

A  general  observation — based  on  recordings  of  more  than  50  axons,  including 
type  I  and  type  II  neurons  of  Vi  and  Vc  types — was  that  the  behavior  of  a  given 
neuron  with  respect  to  the  characteristics  of  the  eye  movement  signals  it  carries 
could  vary  from  one  moment  to  another  depending  on  the  state  of  alertness  of  the 
animal.  This  calls  for  some  caution  in  the  interpretation  of  quantitative  data 
concerning  eye  position  or  eye  velocity  sensibility  of  these  neurons.  Systematic 
studies  on  this  problem — such  as  the  one  made  by  Buettner  et  al.  in  the 
monkey2"— will  have  to  provide  quantitative  measurements.  In  the  present 
report,  we  shall  not  attempt  to  give  statistical  values  because  the  number  of  cells 
analyzed  so  far  allows  us  to  describe  only  the  main  features  of  the  behavior  of 
these  neurons.  However,  because  information  concerning  identified  second- 
order  vestibular  neurons  in  the  alert  cat  is  not  yet  available,  we  feel  that  it  can  be 
useful  at  this  point  to  describe  these  preliminary  results. 


Second-Order  Vestibular  Neurons  Activated  from  the  Controlateral  Labyrinth 

In  order  to  avoid  confusion,  the  activity  of  the  neurons  will  be  described  with 
reference  to  their  soma.  For  example,  if  the  activity  of  an  axon  was  recorded  on 
the  left  side,  and  if  it  was  activated  monosynaptically  by  right  vestibular  nerve 
stimulation,  or  if  horseradish  peroxidase  injection  revealed  that  the  soma  was  in 
the  right  vestibular  nucleus,  the  modulation  of  discharge  of  the  neuron  was 
identified  as  Vc.  In  addition,  it  was  said  to  be  of  type  I  if  it  discharged  when  the 
head  of  the  animal  turned  in  the  horizontal  plane  to  the  right. 

A  first  clear  finding  concerning  Vc  neurons  is  that  they  exhibit  eye  movement 
sensitivity  that  can  be  related  to  either  the  horizontal  or  vertical  components  of 
eye  movements.18'19  Because  our  turntable  could  only  provide  rotation  in  the 
horizontal  plane,  we  could  not  test  the  vestibular  sensitivity  (vertical  semicircular 
canals  or  otoliths)  of  the  neurons  related  to  vertical  eye  movements.  We  shall 
now  restrict  our  description  to  the  main  features  of  discharge  patterns  of 
horizontal  type  I  Vc  neurons. 

Figures  2  and  3  show  the  behavior  of  one  of  these  neurons  during  sponta¬ 
neous  eye  movements  in  darkness  and  during  table  rotation  either  in  darkness  or 
in  light  (optokinetic  and  vestibular  nystagmus).  The  instantaneous  firing  rate  of 
this  neuron  induced  by  horizontal  rotation  is  related  to  horizontal  eye  movements 
and  head  velocity.  The  on  direction  is  when  the  eye  moves  to  the  right.  As  the 
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Figure  2.  Discharge  characteristics  of  a  second-order  Vc  axon  recorded  in  the  right 
abducens  nucleus  and  whose  soma  is  in  the  left  vestibular  nucleus.  A.  Discharge  character¬ 
istics  during  spontaneous  eye  movements  in  darkness.  From  top  to  bottom:  table  velocity, 
vertical  and  horizontal  eye  position,  instantaneous  firing  rate.  Calibrations  indicated  in  B. 
B.  Type  f  modulation  of  the  discharge  of  the  same  neuron  during  sinusoidal  rotation  in  the 
illuminated  laboratory  (combination  of  optokinetic  and  vestibular  nystagmus).  The  asterisks 
and  arrows  respectively  indicate  the  decrease  and  the  increase  of  the  firing  rate  associated 
with  off-  and  on-direction  quick  phases.  Calibrations  are  valid  for  A  and  B. 


soma  of  the  cell  is  in  the  left  vestibular  nucleus,  the  on  direction  is  contralateral 
to  the  soma. 

Figure  2A  shows  the  instantaneous  firing  rate  during  a  horizontal  off- 
direction  saccade  (left).  After  the  pause,  the  firing  rate  increases  to  an  average 
value  that  is  lower  than  during  the  preceding  fixation.  Note  that  it  takes  about  1  to 
1.5  seconds  for  the  firing  rate  to  attain  its  final  mean  value.  During  the 
on-direction  horizontal  saccades,  an  irregular  increase  of  discharge  rate  occurs.  It 
will  be  seen  with  more  clarity  in  Figure  3. 

Figure  2B  shows  the  behavior  of  the  neuron  during  vestibular  nystagmus  in 
the  light  at  0.2  Hz.  A  typical  type  I  modulation  of  firing  rate  appears  nearly  in 
phase  with  head  velocity.  Large  pauses  occur  during  quick  phases  in  the  off 
direction.  The  changes  in  firing  rate  during  the  two  quick  phases  at  the  center  of 
the  figure  (asterisks)  are  respectively  about  125  spikes/second  for  a  quick  phase 
of  18°  and  about  70  spikes/second  for  a  quick  phase  of  4°.  Conversely,  during 
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on-direction  quick  phases,  small  transient  increases  in  firing  rate  are  seen 
(arrows). 

The  behavior  of  the  same  neuron  is  shown  in  Figure  3,  in  which  firing  rate 
has  been  averaged  in  50-msecond  bins.  Figure  3A  shows  spontaneous  eye 
movements  in  darkness.  Note  the  pauses  (asterisks)  during  off-direction  saccades 
and  transient  increases  in  activity  during  on-direction  saccades  (arrows).  The 
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Figure  3.  Comparison  of  the  discharge  characteristics  of  a  second-order  Vc  axon  during 
spontaneous  saccades  and  nystagmus  (same  nr  iron  as  in  Figure  2).  A.  From  top  to  bottom: 
vertical  and  horizontal  eye  movements,  firing  rate  averaged  over  50-msecond  bins. 
Calibrations  as  in  C.  The  figure  shows  a  series  of  fixations  in  darkness.  Note  that  the  eye 
position  sensitivity  and  saccadic  eye  velocity  sensitivity  (pauses  and  transient  increases 
shown  by  asterisks  and  arrows  during  off-  and  on-direction  saccades)  occur  in  the  absence 
of  visual  input.  B.  Discharge  characteristics  of  the  same  neuron  during  sinusoidal  rotation 
of  the  table  at  0.2  Hz  in  darkness.  From  top  to  bottom:  vertical  and  horizontal  eye  position, 
head  velocity,  firing  rate.  Calibration  as  in  C.  Note  that,  superimposed  on  the  clear  type  I 
modulation  in  phase  with  head  velocity,  there  is  a  clear  eye  position  and  saccadic  eye 
velocity  (asterisks  and  arrows)  sensitivity.  C.  Same  as  in  B  but  during  sinusoidal  rotation  in 
the  illuminated  laboratory  (summation  of  vestibular  and  optokinetic  nystagmus).  Calibra¬ 
tions  shown  here  are  also  valid  for  A  and  B. 
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rate-position  curves  for  this  neuron  indicate  an  eye  position  sensitivity  of  about 
1.3  spikes/second  per  degree  (correlation  highly  significant  at  p  <  0.01).  It  reveals 
no  relation  with  vertical  eye  movements. 

Figure  3B  shows  the  discharge  pattern  of  the  same  neuron  during  vestibular 
nystagmus  in  darkness.  At  a  frequency  of  horizontal  sinusoidal  rotation  of  0.2 
Hz,  the  discharge  rate  is  modulated  nearly  in  phase  with  head  velocity.  (Peak 
firing  rate  slightly  leads  peak  head  velocity.)  During  quick  phases  toward  the  on 
direction,  small  increases  (arrows)  of  activity  can  be  seen;  their  amplitude  (about 
0.3  spikes/second  per  degree/second)  is  small  with  respect  to  the  head  velocity- 
related  discharge  modulation  (rough  calculation  of  head  velocity  sensitivity  gives 
for  this  neuron  about  2.4  spikes/second  per  degree/second).  Consequently,  the 
excitatory  action  of  the  eye  velocity-related  signals  in  the  on  direction  produces 
only  a  weak  change  in  the  head  velocity-related  discharge. 

In  contrast,  off-direction  quick  phases  are  associated  with  a  clear  decrease  in 
firing  rate  (asterisks).  Interestingly,  the  high-amplitude  quick  phases  in  the  off 
direction  seen  in  Figure  3C  occur  at  peak  firing  rate  of  the  neuron.  For  a 
quick-phase  amplitude  of  about  18°  and  peak  eye  velocity  of  about  100o/second, 
a  rough  calculation  gives  an  off-direction  saccadic  eye  velocity  sensitivity  of 
about  1  spike/second  per  degree/second. 

It  is  interesting  to  compare  the  behavior  of  the  neuron  in  darkness  (Figure  3A 
and  B)  with  that  when  the  animal  is  rotated  in  the  light  (Figure  3C).  Recording 
conditions  in  Figure  3B  and  C  are  the  same,  but  in  Figure  3C,  the  animal  was 
oscillating  in  the  illuminated  laboratory.  Therefore,  optokinetic  stimulation  was 


A 


5mc 


Figure  4.  Discharge  characteristics  of  the  same  neuron  as  in  Figures  2  and  3  during 
low-amplitude  vestibular  stimulation.  A.  Discharge  characteristics  of  the  neuron  during 
vestibular  nystagmus  in  the  dark.  Upper  trace:  horizontal  component  of  eye  position.  Lower 
trace:  firing  rate  of  the  cell  (averaged  over  50-msecond  bins).  Calibrations  as  indicated  in  B. 
B.  Discharge  characteristics  of  the  same  neuron  as  in  A  during  sinusoidal  rotation  in  the 
illuminated  laboratory.  (Summation  of  vestibular  and  optokinetic  nystagmus).  From  top  to 
bottom:  vertical  and  horizontal  components  of  eye  movements,  firing  rate,  and  head 
velocity.  The  head  velocity  record  is  the  same  for  A  and  B. 
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Table  1 

Numerical  Values  of  Saccadic  Eye  Movement  Sensitivity  for  Seven  Type  I 
Second-Order  Neurons  of  Vc  and  Vi  Type  (See  Text) 


Eye  Position 

On 

Unit  Type  Direction 

Coefficient  of 
Correlation* 

Slope 
(spikes/sec 
per  degree) 

Intercept 

(spikes/sec) 

Eye  Velocity 

1 

I 

Contra 

0.45  (S) 

1.1 

43 

yes 

Vc 

2 

I 

Contra 

0.90  (S) 

5.8 

22 

yes 

3 

I 

Contra 

0.72  (S) 

1.3 

64 

yes 

4 

I 

Contra 

NS 

0.4 

56 

weak 
(no  pause) 

Vi 

5 

I 

Contra 

0.41  (S) 

1.7 

53 

yes 

6 

I 

Contra 

0.87  (S) 

8.7 

82 

yes 

7 

I 

Contra 

0.34  (S) 

0.8 

33 

weak 

*S  means  significant.  NS  means  not  significant. 


combined  with  vestibular  stimulation.  Comparison  between  the  modulation  of 
firing  rate  in  these  two  conditions  reveals  how  the  presence  of  the  moving  visual 
environment  affects  the  discharge  pattern'of  the  neuron:  (a)  the  overall  gain  of 
the  sinusoidal  modulation  by  head  rotation  is  practically  unchanged;  (b)  large 
pauses  (asterisks),  transient  increases  (arrows),  and  tonic  changes  in  firing  rate 
related  to  eye  movements  can  be  observed.  However,  they  can  be  predicted  from 
the  eye  movement  sensitivity  in  the  dark  (Figure  3A)  and  are  not  in  this  case  due 
to  a  visual  component.  This  finding  is  consistent  with  the  observations  of 
Lisberger  and  Miles  in  the  monkey;14  they  demonstrated  that  at  a  frequency  of  0.2 
Hz,  no  significant  effect  of  the  visual  environment  of  the  response  of  type  I 
horizontal  “vestibular  plus  saccade"  neurons  could  be  observed. 

Figure  4  shows  the  behavior  of  the  same  neuron  as  in  Figure  2  but  in  the  case 
of  a  smaller  amplitude  of  vestibular  stimulation.  In  the  dark  (Figure  4A), 
spontaneous  eye  movements  are  rare  and  the  modulation  is  clearly  sinusoidal.  In 
the  light  (Figure  4B),  large  spontaneous  saccades,  which  are  superimposed  with 
vestibular  nystagmus,  lead  to  changes  in  firing  rate  that  are  consistent  with  the 
description  made  above. 

Table  1  gives  additional  information  concerning  four  Vc  type  I  second-order 
neurons.  The  table  indicates  in  mean  values  (a)  the  direction  of  the  eye  position 
sensitivity  with  respect  to  the  soma  of  the  cell  (on  direction);  (b)  the  correlation 
coefficient  of  the  relationship  between  horizontal  eye  position  and  firing  rate;  (c) 
the  slope  of  the  regression  line  for  this  relationship;  (d)  the  intercept  between  this 
regression  line  and  the  zero  eye  position  (resting  discharge);  and  (e)  the  presence 
of  eye  velocity  sensitivity.  Note  that  unit  4  is  similar  to  a  “vestibular  only”  neuron, 
although  it  has  a  small  eye-position  sensitivity. 


Second-Order  Neurons  Activated  from  the  Ipsilateral  Labyrinth 

We  have  recorded  a  number  of  axons  activated  monosynaptically  from  the 
ipsilateral  labyrinth.  For  the  reasons  given  in  the  methods  section,  the  exact 
identification  of  these  axons  is  not  possible,  and  although  quantitative  analysis  of 
these  data  presently  is  being  done,  we  shall  refer  here  only  to  the  behavior  of  the 
Vi  neurons  identified  by  intra-axonic  injection  of  horseradish  peroxidase.'6”19 
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Figure  5  shows  an  example  of  such  a  neuron,  whose  soma  is  in  the  medial 
vestibular  nucleus  (Figure  5C).  Its  terminal  arborizations,  although  they  did  not 
seem  to  reach  the  abducens  nucleus,  may  have  contacted  the  dendrites  of 
abducens  motoneurons  around  and  below  the  sixth  nucleus.  Axonal  terminations 
of  these  neurons  were  also  seen  in  the  ipsilateral  caudal  prepositus  nucleus, 
reticular  formation,  and  nucleus  of  Roller. 

Figure  5A  shows,  at  fast  sweep  speed,  the  behavior  of  the  neuron  (instanta¬ 
neous  firing  rate)  during  spontaneous  saccades  in  the  dark.  This  neuron,  whose 
soma  was  in  the  right  side  of  the  brain  stem,  stops  firing  during  saccades  to  the 
right  and  discharges  during  saccades  to  the  left  (contralateral  side).  This  is 
consistent  with  the  general  rule  that  second-order  type  I  vestibular  neurons 
terminating  in  or  around  the  abducens  nucleus  seem  to  discharge  during 
horizontal  eye  movements  directed  toward  the  contralateral  side.  Figure  5A  also 
shows  the  time  relationship  between  the  onset  of  ipsilateral  rightward  and 
downward  saccade  and  onset  of  pause,  and  the  onset  of  contralateral  leftward 
saccade  and  the  onset  of  firing. 

Figure  5B  shows  the  behavior  of  the  neuron  with  respect  to  eye  position  and 
saccadic  eye  velocity  during  spontaneous  saccades  in  darkness.  In  this  case,  the 
firing  rate  has  been  averaged  with  50-msecond  bins.  Eye  position  sensitivity  is 


Ficure  5.  Morphological  and  physiological  characteristics  of  a  second-order  Vi  neuron. 
A.  Detail  of  the  discharge  characteristics,  at  fast  sweep  speed,  of  the  neuron  during 
spontaneous  saccades  in  the  dark.  From  top  to  bottom:  vertical  and  horizontal  eye 
movements,  instantaneous  firing  rate.  Time  calibration  in  milliseconds,  amplitude  calibra¬ 
tions  as  in  D.  B.  Discharge  of  the  same  neuron  in  darkness  with  a  slower  sweep  speed  and 
an  averaged  firing  rate  (50-msecond  bins).  Time  and  amplitude  calibrations  as  indicated  in 
D.  C.  Morphology  of  this  neuron  revealed  by  the  reconstruction  after  intracellular  injection 
of  HRP.  The  soma  lies  in  the  medial  vestibular  nucleus  (MVN);  the  axon  descends 
ipsilaterally  to  the  spinal  cord,  giving  off  collaterals  around  the  abducens  nucleus  (Abd), 
caudal  prepositus  hypoglossi  (PH),  medullary  reticular  formation,  and  nucleus  of  Roller.  D. 
Modulation  of  the  discharge  rate  of  the  same  neuron  during  sinusoidal  rotation  in  the 
illuminated  laboratory.  Combination  of  optokinetic  and  vestibular  nystagmus.  Calibrations 
are  valid  for  B. 
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Figure  6.  Relationship  between  instantaneous  firing  rate  and  eye  position  for  the  neuron 
illustrated  in  Figure  5.  Computer-plotted  data  points.  Each  data  point  was  calculated  by 
averaging  instantaneous  firing  rate  and  eye  position  over  periods  of  25  mseconds  during 
eye  fixation.  The  left  side  of  the  figure  shows  the  linear  relationship  between  the  amplitude 
of  the  horizontal  component  of  the  eye  position  (on  abscissa)  and  the  firing  rate  (on 
ordinate)  during  fixations  in  darkness.  On  the  abscissa,  0  indicates  the  center  of  gaze.  The 
right  side  of  the  figure  illustrates  the  lack  of  correlation  between  the  vertical  component  of 
the  eye  position  (on  abscissa)  and  the  firing  rate  (on  ordinate).  The  parameters  of  the 
computed  regression  line  for  the  horizontal  component  are  inserted:  a,  slope  in  spikes/ 
second  per  degree:  b,  intercept  with  the  y-axis  (zero-degree  eye  position):  r,  correlation 
coefficient. 


high;  it  is  illustrated  in  Figure  6  in  the  horizontal  rate-position  curve  with  a 
sensitivity  of  about  8.6  spikes/second  per  degree  (correlation  coefficient  0.87, 
highly  significant  at  p  <  0.01).  The  large  pause  during  a  rightward  fixation  in 
Figure  5B  is  from  the  same  record  as  the  one  that  is  shown  in  Figure  5A.  This 
neuron  has  a  rather  small  saccadic  eye  velocity  sensitivity. 

In  Figure  5D,  the  behavior  of  this  neuron  during  vestibular  nystagmus  in 
darkness  is  shown  at  0.1  Hz  sinusoidal  oscillation.  In  our  study,  three  type  I 
horizontal  Vi  neurons  were  recorded  and  injected  with  HRP.  They  all  show  a 
similar  pattern  of  relationship  with  eye  position  and  velocity.  However,  a 
detailed  quantitative  analysis  remains  to  be  done  before  general  conclusions  can 
be  drawn. 

Table  compares  examples  of  the  numerical  values  of  saccadic  eye  move¬ 
ment  sensitivity  for  three  Vi  type  I  neurons. 


Discussion 

The  above  results,  although  still  preliminary,  demonstrate  that  horizontal  type 
I  second-order  vestibular  neurons  carry  information  concerning  eye  position  and 
eye  velocity  in  addition  to  head  velocity.  They  are  of  the  "vestibular  plus  eye 
position”  type  of  Fuchs  and  Kimm  in  the  monkey  vestibular  nucleus.'1  The  eye 
position  sensitivity  of  most  of  the  neurons  encountered  varies  between  1  to  about 
8  spikes  per  second  per  degree.  The  phases  of  discharge  modulation  by  the 
vestibular  stimulus  were  studied  by  Shinoda  and  Yoshida  and  by  Keller  and 
Precht.21 22  These  last  authors  found  a  bimodal  distribution  in  the  histograms  of 
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the  phases  of  discharge  rate  with  respect  to  head  acceleration,  which  at  0.2  Hz 
would  suggest  the  existence  of  two  populations  of  cells,  one  with  a  small  lag 
(about  60  to  70°)  and  another  with  a  large  phase  lag  (about  100  to  120°)  with 
respect  to  head  acceleration.  The  present  state  of  our  results  does  not  allow  us  to 
say  which  one  of  these  populations  is  more  clearly  related  with  the  eye 
movement,  and  in  fact,  it  is  probable  that  further  investigations  will  reveal  a 
variety  of  behaviors.  Keller  and  Precht,  recording  a  number  of  Vi  axons  (25  cells), 
reported  that  they  saw  in  these  neurons,  pauses  with  a  discharge  rate  during 
ipsilaterally  directed  quick-phase  eye  movements.22  It  is  possible  that  only  some 
of  these  axons  were  actually  projecting  to  the  ipsilateral  abducens  nucleus,  for 
the  reasons  stated  in  the  methods  section.  However,  their  observation  is  in 
agreement  with  the  present  results,  which  show  that  in  both  Vc  and  Vi  axons,  the 
pauses  always  occur  for  rapid  eye  movements  in  the  contralateral  direction.  The 
detailed  analysis  of  instantaneous  firing  frequency  has  revealed  in  our  study 
small,  but  consistent,  saccade-  and  quick  phase-related  bursts  of  activity  in  those 
cells  with  eye  velocity  sensitivity.  The  small  amplitude  of  these  changes  in  firing 
frequency  during  the  saccade  (0.2  to  0.3  spikes/second  per  degree/second)  may 
not  be  immediately  perceptible  on  visual  analysis  of  raw  records  and  therefore 
requires  quantitative  calculation.  It  is  not  possible  to  say  yet  whether  this  is  a 
burst  tonic  type  of  activity,  such  as  the  one  present  in  motoneurons,  or  whether  it 
is  an  eye  velocity  sensitivity,  although  we  would  favor  the  latter  interpretation. 

The  existence  of  a  time  constant  after  the  saccade-related  burst  or  pause, 
which  can  be  as  high  as  1  to  2  seconds  (before  the  cell  reaches  a  stable  mean 
firing  rate  during  the  subsequent  fixation),  cannot  be  explained  at  this  point.  It 
may,  however,  be  itself  responsible  for  the  slow  decay  in  firing  rate  seen  in  many 
motoneurons.42328 

The  present  results  suggest  that  vestibular  nucleus  second-order  neurons  are 
not  mainly  relay  neurons,  carrying  tonic  information  to  the  oculomotor  nuclei  as 
thought  by  Lorente  de  No,1  but  are  highly  complex  neurons  integrating  a  number 
of  signals  in  order  to  control  eye  movement  from  a  premotor  level. 

If  one  considers  that  in  the  cat,  second-order  vestibular  neurons  receive 
afferents  from  the  neck,  from  the  flocculus  of  the  cerebellum,  and  from  sources 
of  visual  origin,24  it  is  therefore  necessary  to  reconsider  the  role  of  these  neurons 
and  return  to  one  of  the  other  concepts  proposed  by  Lorente  de  No:  the 
vestibulo-ocular  reflex  would  be  organized  by  the  interactive  action  of  several 
networks  of  neurons  obeying  the  so-called  law  of  reciprocity  of  innervation.  This 
means  that  many  structures  along  this  network  would  receive  influences  from 
the  structures  it  innervates.  What  we  have  to  understand  now  is  the  reason  why 
an  eye  movement  modulation  of  second-order  neurons  is  useful  for  the  normal 
operation  of  the  vestibulo-ocular  reflex.  The  pauses  during  saccades  could  have 
an  evident  functional  use:  this  is  to  interrupt  inhibition  (in  the  case  of  Vi  axons)  of 
the  agonist  muscles  during  the  saccade  and  to  suppress  the  excitation  of  the 
antagonist  (in  the  case  of  Vc  axons). 

Such  a  powerful  suppression  of  the  VOR  during  a  saccade  is  also  necessary 
during  rapid  rotation  of  the  head  to  one  side.  It  has  been  shown  in  man  and  in  the 
cat  that  at  the  onset  of  rapid  active  or  passive  head  rotation  around  a  vertical  axis, 
after  a  short-lasting  compensatory  deviation  of  the  eyes  due  to  the  VOR,  a  large 
anticompensatory  saccade  or  quick  phase  is  triggered,  whose  function  is  probably 
to  bring  the  eye  in  the  direction  of  the  head  movement.25-27  This  saccade  can  take 
place  only  if  a  nearly  complete  suppression  of  the  VOR  is  possible.  We  have 
indeed  seen  in  the  present  results  that  in  the  light,  a  nearly  complete  suppression 
of  the  VOR  often  occurs  during  saccades.  The  origi..  of  this  suppression  is  yet 
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unclear.  Inhibitory  burst  neurons  (IBNs)  located  caudally  to  the  abducens 
nucleus  have  been  shown  to  give  monosynaptic  inhibition  to  the  contralateral 
abducens  motoneurons.3  These  neurons  are  the  immediate  premotor  neurons  for 
all  types  of  rapid  eye  movements  and  terminate  not  only  in  the  abducens  nucleus 
but  also  in  the  contralateral  medial  vestibular  nucleus,  prepositus  nucleus,  and 
reticular  formation.1617  However,  they  cannot  be  directly  at  the  origin  of  the 
pause  in  type  I  neurons,  but  most  probably  produce  a  pause  in  type  II  neurons. 

Given  the  remarkable  variety  of  morphological  characteristics  of  vestibular 
neurons  revealed  by  intracellular  horseradish  peroxidase  injection,17"19  more 
data  are  needed  before  definite  conclusions  can  be  drawn.  In  particular,  the  fact 
that  a  number  of  horizontal  second-order  vestibular  neurons  project  not  only  to 
the  abducens  nucleus  but  also  to  the  spinal  cord  suggests  investigations  in  which 
neck-oculomotor  coordination  is  studied. 
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Introduction 

Tetanus  toxin  has  been  shown  to  be  taken  up  by  peripheral  nerve  terminals 
and  transported  intra-axonally  in  a  retrograde  fashion  to  the  corresponding  cell 
bodies.1618"44  51  Additional  studies  demonstrated  that  this  agent  is  a  reliable  and 
highly  sensitive  retrograde  tracer  substance,  which  can  be  injected  into  the  brain 
in  minute  quantities  and  detected  in  afferent  fibers  and  their  cell  bodies  at  the 
light  microscope  level.43  In  addition  to  its  retrograde  transport  into  the  cell  soma, 
tetanus  toxin  also  has  been  detected  by  electron  microscopy  in  the  presynaptic 
terminals;41 42,45  and  in  a  recent  report  it  could  be  demonstrated  in  presynaptic 
axons,  distal  to  a  crush,  with  the  light  microscope.17  Theoretically,  therefore, 
tetanus  toxin  could  be  used  as  a  transsynaptic  retrograde  tracer  substance, 
although  up  to  now  it  has  not  been  used  for  this  purpose.  Our  study  was  designed 
to  explore  this  possibility.  The  experiments  were  performed  on  the  medial  rectus 
eye  muscle  of  the  monkey  because,  first,  the  connectivity  of  its  motoneurons  and 
especially  the  synaptic  inputs  from  the  abducens  internuclear  neurons  and  the 
vestibular  nuclei  are  well  defined;2,11  15  23  26  and  second,  large  volumes  of  tetanus 
toxin  can  be  injected  into  the  extraocular  eye  muscles  without  fear  of  directly 
contaminating  intracranial  structures.  The  results  show  that  tetanus  toxin  can  be 
used  as  a  transsynaptic  retrograde  tracer  and  detected  by  light  microscopy  in  the 
cell  bodies  of  both  primary  and  secondary  neurons,  but  that  problems  of 
interpretation  arise  through  the  use  of  large  injections.43 


Methods 

Experiments  were  carried  out  on  five  anesthetized  (Nembutal,  40  mg/kg) 
monkeys  (Macaco  fasci'cu/arisj.  The  surgical  procedure  used  to  expose  the  medial 
rectus  muscle  of  the  right  eye  involved  cutting  the  medial  margin  of  the  palpebral 
fissure,  and  an  incision  of  the  conjunctiva.  Between  17  and  50  n\  of  (125I)  tetanus 
toxin  B-IIb  fragment  were  injected  by  a  mechanically  driven  syringe,  over  a 
period  of  one  to  three  hours,  into  the  belly  of  the  muscle.  The  atoxic  fragment  had 

‘This  work  was  supported  by  the  Swiss  National  Science  Foundation  Nr.  3.836.75  and 
3.811.75,  the  Dr.  Eric  Slack-Gyr  Foundation,  and  the  EMDO-Stiftung. 
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been  isolated  from  crude  tetanus  toxin  by  a  freezing-thawing  procedure  and 
labeled  with  radioactive  iodine  (125I].4S0  Table  1  provides  experimental  details. 
The  animals  were  perfused  through  the  heart  with  300  ml  of  a  1:1  mixture  of 
Ringer  solution  and  Macrodex®,  a  plasma  expander,  followed  by  1  1  of  1% 
paraformaldehyde  and  2.5%  glutaraldehyde  in  a  0.1  M  phosphate  buffered 
solution  (PBS)  at  pH  7.4,  and  finally  0.1%  paraformaldehyde,  4%  glutaraldehyde, 
and  5%  sucrose  in  0.1  M  PBS.36  The  brains  were  removed  and  stored  in  a  0.1  M 
PBS  with  30%  sucrose  for  three  days  at  4°C.  Frozen  sections  (30  p)  were  taken  in 
the  transverse  stereotaxic  plane  from  the  rostral  mesencephalon  to  the  caudal 
medulla,47  except  in  experiment  79-206.  In  this  case,  serial  sections  were  only 
taken  from  the  rostral  mesencephalon  back  to  the  rostral  pons;  in  addition  a  small 
separate  block  from  the  abducens  nucleus,  contralateral  to  the  side  of  injection, 
was  processed  for  autoradiography.  Every  fifth  section  was  mounted  and  dipped 
in  NTB2  photographic  emulsion,  at  45°C,  diluted  1:1  with  distilled  water.  The 
sections  were  exposed  for  four  weeks  at  4°C  in  the  dark,  then  developed  with 
Kodak  Dektol  at  18°C  for  154  minutes,  washed,  fixed  with  30%  sodium  thiosul¬ 
fate,  washed  for  two  hours,  then  counterstained  with  cresylviolet,  and  covered. 
All  sections  were  examined  for  silver  grain  deposits  under  magnifications  of  at 
least  100  times.  Grain  counts  were  taken  from  an  area  of  0.01  mm2,  at  magnifica¬ 
tions  of  1,000.  The  average  count  of  various  structures  from  10  different  fields  is 
given  in  Table  2.  For  each  structure,  background  counts  were  evaluated  by 
sampling  10  sites  around  the  labeled  area. 


Results 

In  three  experiments,  the  injection  of  [125I]  tetanus  toxin  into  the  medial  rectus 
led  to  the  deposit  of  silver  grains  over  many  brain-stem  structures  (Table  l).  In 
experiment  78-833,  only  weak  labeling  over  extraocular  motoneurons  was  found. 
Two  distinctly  different  patterns  of  silver  grains  could  be  found:  diffuse,  and 
clusters  lying  over  cell  bodies.  In  some  regions  both  were  superimposed.  The 
location  and  relative  density  of  labeling  in  experiment  79-538,  regardless  of  its 
type  of  pattern,  is  shown  diagramatically  in  Figure  1.  Similar  patterns  of  silver 
grain  deposits  were  seen  in  experiments  79-206  and  79-486.  In  addition,  grain 
counts  were  taken  from  several  structures  of  experiments  79-538  (Table  2)  in 
order  to  make  quantitative  comparisons  between  their  labeling.  In  Table  2  the 
background  counts  around  each  structure  are  given  in  the  final  column.  Areas 
that  were  weakly  labeled— such  as  the  principal  sensory  trigeminal  nucleus,  the 
pretectal  olivary  nucleus,  and  the  nucleus  reticularis  tegmenti  pontis  (nrtp) — had 
counts  about  10  times  greater  than  background.  However,  grain  counting  was  not 


Table  l 

Experimental  Details 
Specific  Total 

Volume  Concentration  Activity  Activity  Survival  Time  Transsynaptic 


Experiment 

(Ml) 

(mCI/mI! 

(pCi/  Mg) 

(pCi) 

(days) 

Labeling 

78.833 

17 

5.0 

10 

85 

1V4 

— 

79.206 

50 

2.5 

3.4 

125 

6 

4-  + 

79.486 

50 

3.3 

3 

125 

6 

+ 

79.538 

45 

1.3 

10.4 

58 

6 

+  + 
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Table  2 

Grain  Densities  in  Selected  Structures* 


Average  Grains/0.01  mm2 


Structure 

Right  Side 

Left  Side 

Background 

Oculomotor  nucleus 

>800 

>800 

7  ±  3 

Trochlear  nucleus 

>800 

>800 

7  ±2 

Abducens  nucleus 

>800 

>800 

7  ±  2 

Facial  nucleus 

>800 

55  ±  15 

7  ±  2 

Trochlear  nerve 

13  t  4 

310  ±  30 

9  ±  2 

Abducens  rootlets 

132  ±  24 

9  ±  2 

9  ±  4 

Facial  nerve 

54  ±  10 

9  ±  2 

9  ±  4 

Rostral  interstitial  nucleus  of  the  MLF 

117  ±  22 

133  ±  27 

7  ±2 

Interstitial  nucleus  of  Cajal 

273  ±  58 

182  ±  30 

12  ±  3 

Anteromedian  nucleus 

562  ±  40 

140  ±  12 

4  ±  1 

Olivary  nucleus  (pretectal) 

61  ±  9 

80  ±  11 

10  ±  3 

Medial  longitudinal  fasciculus 

76  ±  16 

29  ±  6 

6  ±  3 

Nucleus  reticularis  tegmenti  pontis 

67  ±  13 

55  ±  5 

6  ±  2 

Superior  colliculus 

17  ±  3 

17  ±  3 

6  ±  3 

Spinal  trigeminal  nucleus 

226  ±  105 

10  ±  3 

9  ±  3 

Principal  sensory  trigeminal  nucleus 

70  ±20 

9  ±  3 

9  ±  3 

Superior  vestibular  nucleus 

60  t  12 

100  ±  26 

7  ±  1 

Medial  vestibular  nucleus 

59  ±  20 

73  ±  11 

11  ±  4 

Lateral  vestibular  nucleus 

194  ±  65 

66  ±  14 

8  ±  1 

Nucleus  prepositus  hypoglossi 

240  ±  50 

53  ±  16 

9  ±  3 

y  group 

164  ±  13 

100  ±  11 

9  ±  3 

‘Each  grain  count  is  the  mean  of  counts  made  within  10  different  0.01-mm2  areas.  The 
background  counts  were  taken  from  the  area  surrounding  the  labeled  structure. 


used  to  verify  the  presence  or  absence  of  a  projection;  this  was  decided  on  the 
basis  of  visual  inspection  of  serial  sections.  The  location,  strength,  and  pattern  of 
labeling  will  be  described  below,  and  the  interpretation  of  whether  the  labeling 
is  the  result  of  direct  retrograde,  anterograde,  or  transsynaptic  transport  will  be 
considered  in  the  discussion. 

The  most  rostral  structure  labeled  in  the  material  studied  was  the  rostral 
interstitial  nucleus  of  the  medial  longitudinal  fasciculus  (rostral  iMLF),  see 
Figure  1.  The  silver  grain  deposits  were  equally  strong  on  both  sides  and  often 
were  concentrated  over  cell  bodies.  Comparing  the  three  positive  cases  (Table  1), 
the  labeling  in  79-206  was  strongest.  Moving  caudally  to  the  interstitial  nucleus  of 
Cajal  (iC),  the  pattern  of  silver  grains  became  more  diffuse,  although  from  Table 
2  it  can  be  seen  that  the  iC  labeling  was  stronger  on  the  side  contralateral  to  the 
injection.  On  slides  where  the  caudal  end  of  the  rostral  iMLF  and  the  rostral  tip 
of  the  iC  appeared  in  the  same  section,  their  silver  grain  deposits  could  be 
distinguished  from  each  other.  No  labeling  was  present  over  nucleus  Darksche- 
witsch  or  the  nuclei  of  the  posterior  commissure.  The  rostral  anteromedian 
nucleus  was  diffusely  covered  with  silver  grains  ipsilaterally  (Figure  1  and  Table 
2);  however,  this  was  not  clearly  separate  from  halo  effects  around  the  adjacent 
oculomotor  neurons,  which  were  heavily  labeled. 

In  every  case,  the  oculomotor  rootlets  were  covered  with  silver  grains,  on  the 
side  ipsilateral  to  the  injection,  and  motoneuron  pools  in  the  oculomotor  nucleus 
supplying  individual  eye  muscles  from  that  side  were  also  labeled.  The  classical 
medial  rectus  subgroup,  indicated  as  subgroup  A  in  Figure  2b  and  lying  in  the 
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rostral  two-thirds  of  the  oculomotor  nucleus,  was  very  heavily  labeled.  In  places, 
the  labeling  spread  across  the  MLF  and  even  farther  laterally.  Also  in  Figure  2b, 
an  equally  strong  patch  of  silver  grains  (subgroup  C)  could  be  seen  on  the 
dorsomedial  border  of  the  nucleus.  This  group  of  medial  rectus  motoneurons  has 
been  described  recently  by  Bflttner-Ennever  and  Akert;11  it  lies  just  ventral  to  the 


Figure  1.  Experiment  79-538.  Selected  transverse  sections  drawn  to  show  the  distribu¬ 
tion  of  silver  grains  in  the  brain  stem  after  injection  of  [’“IJtetanus  toxin  into  the  right 
medial  rectus  muscle.  The  distribution  of  dots  indicates  the  relative  intensity  of  labeling, 
regardless  of  type  (diffuse  or  clustered  over  cell  bodies).  See  Appendix  for  a  list  of 
abbreviations. 
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Figure  2.  Experiment  79-538.  Transverse  sections  through  the  oculomotor  nucleus, 
photographed  under  dark-field  illumination,  to  show  the  silver  grain  deposits  over  (a) 
caudal  levels  and  (b)  mid-levels,  after  injection  of  tetanus  toxin  into  the  medial  rectus 
muscle.  The  three  heavily  labeled  subgroups  of  medial  rectus  motoneurons  are  marked  A, 
B,  and  C.  The  motoneurons  of  the  superior  rectus  (sr),  which  lie  on  the  contralateral  side, 
and  those  of  the  levator  palpebrae  in  the  central  caudal  nucleus  (ccn)  are  also  heavily 
labeled.  Calibration  -  1  mm. 


Edinger-Westphal  nucleus.  The  halo  of  silver  grains  around  these  motoneurons 
may  obscure  some  weak  labeling  in  the  Edinger-Westphal  nucleus.  However, 
since  there  was  no  increase  in  silver  grain  density  associated  with  the  nucleus 
itself,  we  must  conclude  that  there  was  no  significant  labeling  of  this  structure. 
The  third  medial  rectus  motoneuron  subgroup,  B,  located  in  the  dorsal  part  of  the 
caudal  oculomotor  nucleus,  was  labeled  as  heavily  as  the  other  two  subgroups.  It 
is  shown  in  Figure  2a  adjacent  to  the  central  caudal  nucleus,  which  contained 
strongly  labeled  motoneurons  of  levator  palpebrae,  distributed  bilaterally.  The 
motoneurons  of  the  superior  rectus  lie  in  the  oculomotor  nucleus  contralateral  to 
the  injection  site.  They  were  labeled  and  are  clearly  visible  in  Figure  2a  and  b, 
while  the  ipsilateral  subgroups  of  inferior  rectus  and  inferior  oblique,  lying 
ben.eath  medial  rectus  subgroup  C,  were  less  dramatically  labeled.  In  all  experi¬ 
ments,  the  contralateral  trochlear  nucleus  was  heavily  covered  with  silver  grains 
(Figure  3a).  In  experiment  79-206,  the  intensity  of  the  labeling,  in  fact,  appeared 
equal  to  that  of  the  medial  rectus.  A  much  weaker  and  diffuse  deposit  of  silver 
grains  was  found  over  the  dorsal  part  of  the  ipsilateral  trochlear  nucleus  as  well. 
This  is  shown  in  the  inset  of  Figure  3a. 

Other  cell  groups  to  be  labeled  at  these  levels,  outside  the  oculomotor 
complex,  were  the  olivary  nucleus  in  the  pretectum  and  the  medial  part  of  the 
nrtp.  The  pattern  of  silver  grains  was,  in  both  instances,  diffuse  and  equally 
strong  on  both  sides  (Figure  1  and  Table  2). 

A  clear  lateralization  could  be  observed  in  the  number  of  silver  grains  over 
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Figure  3.  Experiment  79-538,  Direct  and  transneuronal  retrograde  transport  of  tetanus 
toxin,  (a)  Transverse  section  at  the  level  of  the  trochlear  nucleus,  photographed  under 
dark-field  illumination,  to  show  the  direct  strong  labeling  of  the  motoneurons  of  the 
contralateral  superior  oblique  after  leakage  from  an  injection  of  tetanus  toxin  into  the 
neighboring  medial  rectus.  The  framed  area  is  enlarged  in  the  inset  to  show  the  diffuse 
pattern  of  silver  grains  confined  to  the  dorsal  portion  of  the  contralateral  trochlear  nucleus. 
|b)  Heavy  direct  labeling  in  the  abducens  nucleus  (VI)  on  the  side  of  the  injection;  the  more 
intensely  labeled  cell  group  just  ventral  to  the  V!  is  thought  to  be  the  motoneurons  of  the 
accessory  lateral  rectus  muscle  "slip"  (arrow).  The  framed  area  is  enlarged  in  the  inset  to 
demonstrate  the  weaker,  but  significant,  transneuronal  labeling  of  the  contralateral  VI. 
Calibrations  -  0.5  mm  in  (a)  and  1.0  mm  in  (b). 
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the  trochlear  nerves,  abducens  rootlets,  facial  nerves,  and  MLF.  Under  visual 
inspection  (100  x,  dark  field),  the  MLF  as  well  as  abducens  and  facial  nerves 
ipsilateral  to  the  injection,  and  the  contralateral  trochlear  nerve  (proximal  to  the 
decussation),  were  clearly  above  background  (Table  2).  The  cell  groups  of  the 
trigeminal  complex  were  labeled  ipsilaterally.  In  all  cases,  silver  grain  deposits 
over  the  principal  sensory  and  spinal  trigeminal  nuclei  were  found,  but  the  motor 
trigeminal  nucleus  was  only  labeled  in  79-486,  The  grain  counts  over  the 
trigeminal  nerve  in  the  latter  case  were  about  three  times  greater  than 
background,  which  implies  some  transport  from  the  periphery.  Only  one  cell  in 
the  mesencephalic  trigeminal  nucleus  was  labeled  (experiment  79-538).  The 
orbicularis  oculi  division  of  the  facial  nucleus  contained  radioactive  deposits, 
bilaterally.  However,  the  side  ipsilateral  to  the  injection  was  covered  with  a 
dense  cluster  of  silver  grains,  while  the  contralateral  side  was  only  weakly 
labeled  in  comparison.  On  both  sides  the  pattern  of  silver  grains  was  of  the 
diffuse  type. 

The  ipsilateral  abducens  nucleus  was  strongly  labeled,  but  the  motoneurons 
of  the  accessory  lateral  rectus  muscle  “slip,"  which  lie  just  ventral  to  the  main 
abducens  nucleus,48  were  even  more  heavily  marked  (Figure  3b).  On  the 
contralateral  side,  only  the  main  abducens  nucleus  was  covered  with  silver 
grains,  the  labeling  being  distinctly  weaker  than  on  the  other  side  (Figure  3b).  But 
the  deposits  lay  in  clusters  over  cell  bodies  (Figure  4c).  This  was  visible  most 
easily  around  the  periphery  of  the  nucleus,  where  the  labeling  was  less  dense. 

The  vestibular  nuclei,  the  nucleus  prepositus  hypoglossi  (ppH),  and  the  y 
group  were  labeled  on  both  sides  of  the  brain,  but  there  was  a  striking  difference 
in  the  patterns  and  intensities  of  the  deposits.  Clusters  of  silver  grains  covered 
individual  neurons  of  the  ipsilateral  ppH  and  lateral  and  medial  vestibular 
nucleus  (lv  and  mv),  as  well  as  the  contralateral  mv  and  superior  vestibular 
nucleus  (sv).  The  cells  were  often,  but  not  always,  surrounded  by  diffuse  deposits 
(Figure  4a  and  b).  These  labeled  areas  were  well  demarcated  and  did  not  stretch 
throughout  the  rostrocaudal  extent  of  these  nuclei.  The  silver  grain  deposits  were 
confined  to  the  smaller  neurons  in  the  ventromedial  part  of  the  lv  and  not  found 
in  the  large  Deiters’  neurons  (Figure  4a  and  b).  Labeled  cell  bodies  could  also  be 
seen  in  the  medial  vestibular  nucleus  (mv)  dorsal  to  the  deposits  in  the  lv,  but 
otherwise  the  labeling  in  the  rest  of  the  vestibular  nuclei  was  diffuse,  and  weaker 
than  in  the  areas  described  above.  The  only  part  of  the  medullary  reticular 
fo  .nation  that  was  found  to  have  a  concentration  of  silver  grains  higher  than 
background  was  just  below  the  ppH  (Figure  1).  The  y  group  labeling  was 
confined  to  the  dorsal  division  of  the  nucleus  and  tended  to  lie  over  neuronal 
perikarva.  No  silver  grain  deposits  were  found  at  the  level  of  the  nucleus 
intercalate  of  Staderini,  which  represented  the  most  caudal  level  inspected. 


Discussion 

A  disappointing  feature  of  this  study  is  that  although  tetanus  toxin  was 
injected  into  the  medial  rectus  muscle,  all  the  motoneuron  pools  supplying 
extraocular  muscles  in  the  same  orbit— in  particular,  the  contralateral  trochlear 
nucleus — are  heavily  labeled.  This  situation,  however,  can  be  turned  to  our 
advantage  since  the  labeled  secondary  pathways  are  being  multiplied.  It  is 
explained  by  the  fact  that  tetanus  toxin  is  taken  up  by  nerve  terminals  in  a  highly 
efficient  manner,4445  and  with  the  massive  doses  injected  in  this  study,  some 
tetanus  toxin  was  seen  to  leak  out  of  the  medial  rectus  into  the  orbit  where  the 
agent  was  taken  up  by  the  neighboring  muscles — especially  the  superior  oblique 
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Figure  4.  Experiment  79-538.  Light-field  photographs  to  show  the  transsynaptic  retro¬ 
grade  labeling  of  cell  bodies  in  (aj  the  lateral  vestibular  nucleus,  ipsilateral  to  the  injection 
(arrow);  note  that  the  two  large  Deiters'  neurons  are  not  labeled;  (b)  another  region  of  the 
same  lateral  vestibular  nucleus  where  silver  grains  are  associated  with  perikarya  (arrow) 
and  diffusely  distributed  throughout  the  neuropil;  (c)  the  abducens  nucleus,  contralateral  to 
the  injection.  Arrow  indicates  a  labeled  intemuclear  neuron.  Silver  grains  are  also 
diffusely  distributed  over  the  neuropil;  (d)  the  y  group  contralateral  to  the  injected  side;  D 
marks  the  dorsal  division  over  which  there  is  a  significant  accumulation  of  silver  grains,  not 
clearly  associated  with  cell  bodies.  V  is  the  ventral  division,  which  remains  unlabeled. 
Calibration  for  all  photos  -  50»i. 
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(innervated  by  the  contralateral  trochlear  nucleus),  being  closest  to  the  medial 
rectus — thus  involving  the  respective  oculomotor  nuclei.  This  would  also  account 
for  the  higher  grain  densities  in  the  facial  nerve  of  the  right  side  (Table  2)  and  the 
massive  labeling  of  the  orbicularis  oculi  division  of  the  ipsilateral  facial 
nucleus.52  Another  possibility  would  be  the  cross  contamination  within  the 
oculomotor  nerve  itself,  but  this  could  not  produce  labeling  of  the  facial  nucleus. 
Contamination  of  the  motoneurons  via  the  blood  supply  is  also  less  likely  because 
one  would  not  expect  only  one  specific  division  of  the  facial  nucleus  to  be 
labeled.  This  orbital  contamination  leads  to  difficulties  in  interpretation  of  the 
autoradiograms.  However,  if  one  considers  only  the  patches  of  labeling  in  which 
distinctly  labeled  cell  bodies  were  found,  the  interpretation  becomes  relatively 
simple. 

Clusters  of  silver  grains  were  found  over  perikarya  in  the  contralateral  sv,  mv, 
and  abducens  nuclei;  in  the  ipsilateral  lv,  mv,  and  ppH;  and  bilaterally  in  the 
rostral  iMLF.  The  labeling  within  the  abducens  nucleus  does  not  arise  from 
uptake  in  the  periphery,  since  the  rootlets  of  the  sixth  nerve  on  that  side  have 
silver  grain  counts  equal  to  background  (Table  2).  Neither  is  tetanus  toxin  likely 
to  be  transported  across  from  the  contralateral  abducens,  since  no  interconnec¬ 
tions  have  ever  been  found  between  the  two  nuclei.  However,  there  is  anatomi¬ 
cal  and  physiological  evidence  for  a  strong  projection  to  the  medial  rectus 
motoneurons  from  the  internuclear  cells  of  the  contralateral  abducens 
nucleus."  '2'15'1923'24'26,49  The  afferent  axons  cross  the  midline  at  the  level  of  the 
abducens  nucleus,  and  ascend  in  the  MLF  to  innervate  only  the  medial  rectus 
subgroups  of  the  oculomotor  nucleus.  This  pathway  is  well  labeled  in  these 
experiments.  These  findings  are  consistent  with  the  interpretation  of  retrograde 
transport  of  tetanus  toxin  to  the  medial  rectus  motoneurons  and  subsequent 
transsynaptic  movement  into  the  presynaptic  terminals  of  the  abducens  internu¬ 
clear  neurons,  then  retrograde  transport  within  the  ipsilateral  MLF  back  to  the 
cell  bodies  in  the  contralateral  abducens  nucleus.  An  example  of  such  a  labeled 
neuron  is  shown  in  Figure  4c.  There  is  a  reciprocal  pathway  that  arises  from 
internuclear  neurons  in  the  medial  rectus  subgroups  of  the  oculomotor  nucleus, 
projecting  back  to  the  contralateral  abducens  nucleus.533  53  Since  tetanus  toxin 
also  is  transported  in  an  anterograde  fashion,43  this  pathway  also  will  be  labeled 
and  the  pattern  of  silver  grains  over  the  terminals  will  obscure  the  labeling  of  the 
cell  bodies  and  account  for  the  difficulty  in  detecting  clusters  of  silver  grains  over 
abducens  neurons  in  the  center  of  the  nucleus. 

The  ventral  part  of  the  rostral  lv  nucleus  is  known  to  send  a  strong  projection 
to  medial  rectus  motoneurons  via  the  ascending  tract  of  Deiters’.20'27  29  This 
pathway  is  part  of  the  vestibulo-ocular  (three-neuronal)  arc.  The  medium-sized 
cells  of  this  area  are  strongly  labeled,  leaving  the  large  Deiters’  neurons  free  of 
silver  grains  (Figure  4a).  The  rostral  iMLF  also  has  clearly  labeled  perikarya, 
bilaterally.  This  region  is  known  to  be  a  premotor  structure  involved  in  the 
generation  of  fast  vertical  eye  movements;5910223132  it  projects  directly  onto  the 
motoneuron  subgroups  of  the  vertical  eye  muscles  and  not  to  the  medial  rectus.913 
As  these  vertical  motor  neuron  subgroups  are  labeled  with  tetanus  toxin, 
especially  the  trochlear  nucleus,  transsynaptic  retrograde  transport  is  expected  to 
lead  to  neuronal  labeling  in  the  rostral  iMLF.  This  was  indeed  the  case,  and 
labeling  was  strongest  in  experiment  79-206,  in  which  the  contralateral  trochlear 
nucleus  was  most  heavily  involved. 

There  is  anatomical  evidence  from  this  laboratory  that  the  caudal  ppH 
projects  exclusively  to  the  ipsilateral  medial  rectus  motoneuron  subgroups,9  and 
the  present  experiments  support  this  result,  since  distinctly  labeled  neurons 
could  be  found  in  the  caudal  ppH  region.  Dorsolateral  to  the  ppH,  in  the  lateral 
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part  of  the  mv,  is  another  patch  of  silver  grains  covering  perikarya.  Cells  in  the 
mv  are  known  to  carry  the  posterior  semicircular  canal  signal  directly  to  the 
contralateral  trochlear  nucleus,  while  others  send  monosynaptic  inhibitory 
projections  into  the  ipsilateral  abducens  nucleus.125,27  29  30'39  Both  these  pathways 
could  provide  a  source  of  tetanus  toxin  for  the  ipsilateral  mv,  and  both  are  part  of 
the  vestibulo-ocular  (three-neuronal)  arc.  The  trochlear  connection  would  carry 
more  label,  since  the  trochlear  nucleus  was  more  heavily  labeled  than  was  the 
ipsilateral  abducens  (Figure  3).  The  trochlear  nucleus  also  receives  a  strong 
monosynaptic  input  from  the  sv  of  the  same  side.30,39  These  cells  in  the  central 
portion  of  the  sv  relay  anterior  semicircular  canal  inhibition  to  the  trochlear 
motoneurons.  Neurons  in  the  ventral  sv,  contralateral  to  the  injection  site,  are  in 
fact  strongly  labeled  with  silver  grains  (Figure  1).  Finally,  the  only  other  cell 
group  containing  labeled  cell  bodies  is  a  small  cluster  in  the  medial  part  of  the 
mv,  contralateral  to  the  injection  site.  Cells  here  are  known  to  project  to  the 
abducens  nucleus  on  the  other  side,  which  in  this  experiment  was  strongly 
labeled  (Figure  3b).38 

The  abducens  internuclear  pathway  and  the  connections  of  the  vestibulo- 
ocular  (three-neuronal)  arc  are  known  to  be  powerful  inputs  to  oculomotor 
neurons.26  38  The  synaptic  connectivity  of  the  rostral  iMLF  and  ppH  to  these  cells 
has  not  been  tested,  but  would  be  expected  to  be  strong.  Therefore,  all  the  cell 
groups  containing  clearly  labeled  cell  bodies  have,  as  far  as  is  known,  strong 
projections  to  either  medial  rectus  or  superior  oblique  motoneurons,  the  two  most 
heavily  labeled  primary  targets  of  our  experiments.  For  this  reason  it  appears  that 
tetanus  toxin  seems  suitable  as  a  transsynaptic  retrograde  tracer. 

The  diffuse  patterns  of  silver  grains  are  less  easy  to  interpret.  If  a  cell  is 
retrogradely  filled  with  tetanus  toxin,  then  some  labeling  will  be  associated  with 
the  dendrites.18  In  the  autoradiogram,  this  will  appear  as  a  diffuse  pattern  of 
silver  grains  as  shown  in  Figure  4b.  Breakdown  of  the  [125I]  tetanus  toxin 
molecule  followed  by  [125I]  diffusion  is  an  additional  possibility  that  should  be 
considered.  Structures  that  are  only  weakly  labeled  by  retrograde  transport  may 
also  appear  diffusely  covered  with  silver  grains,  for  example  the  bilateral 
labeling  of  the  y  group  (Figures  1  and  4d).  The  dorsal  part  of  the  y  group,  called 
the  infracerebellar  nucleus  by  Gacek,21  is  labeled.  It  is  known  to  carry  saccule 
information  to  the  oculomotor  complex;23272849  and  Gacek  has  demonstrated  a 
bilateral  y  group  input  to  the  trochlear  nucleus.21  The  ventral  portion,  which 
receives  the  direct  saccule  input,  is  not  significantly  labeled.  Diffuse  silver  grains 
may  also  be  the  result  of  anterograde  transport,  directly  from  the  periphery,  or 
subsequent  to  retrograde  transport  into  the  motoneurons.  An  example  of  the 
latter  is  possibly  provided  by  the  weak,  diffuse  deposits  lying  bilaterally  close  to 
the  midline  in  the  nrtp.  A  projection  from  the  oculomotor  nucleus  to  this  area  in 
the  cat  was  described  by  Maciewicz  and  Spencer  and  Graybiel.24  34  The  same 
group  of  cells  receives  an  input  from  the  superior  colliculus  and,  in  turn,  projects 
to  the  cerebellar  vermis.  The  projection  from  the  oculomotor  nucleus  is  described 
for  the  first  time  here  in  the  monkey,  and  may  serve  as  a  criterion  for  the 
presence  of,  and  for  quantifying,  retrograde-anterograde  transport. 

Diffuse  patterns  of  silver  grains  were  also  found  in  the  trigeminal  complex 
and  in  the  contralateral  facial  nucleus.  The  contralateral  facial  nucleus  may  be 
labeled  via  internuclear  neurons  of  the  ipsilateral  facial  nucleus,  the  latter  being 
invaded  by  tetanus  toxin  spread  into  the  orbicularis  oculi  muscle  (see  above).  The 
diffuse  labeling  of  the  neurons  of  the  trigeminal  complex,  Vp  and  Vs,  could  have 
been  achieved  by  anterogradely  transported  toxin  taken  up  by  sensory  receptor 
terminals  within  the  orbit  including  those  situated  in  the  extrinsic  eye  muscles.35 
The  diffuse  deposits  in  the  vestibular  nuclei  on  both  sides  can  be  attributed  to 
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several  pathways  interconnecting  the  nuclei  with  the  oculomotor  complex.29  30 
(See  also  recent  reviews  of  these  pathways.)7,27,38 

It  is  surprising  that  only  diffuse,  and  not  individual  neuron,  labeling  could  be 
seen  in  the  iC.  Horseradish  peroxidase  has  been  shown  to  strongly  label  the 
contralateral  iC  after  injections  into  the  oculomotor  nucleus;23,49  and  the  iC  is 
assumed  to  exert  an  effective  monosynaptic  control  on  trochlear  motoneurons.46 
The  diffuse  labeling  in  the  dorsal  division  of  the  trochlear  nucleus  supplying  the 
unoperated  orbit  (Figure  2a)  is  also  an  unexpected  finding.  It  does  not  come  from 
the  periphery,  since  the  trochlear  nerve  remained  unlabeled  (Table  2).  There¬ 
fore,  it  may  represent  a  central  connection  (as  yet  unknown).  Finally,  the  bilateral 
labeling  of  the  pretectal  olivary  nucleus  is  also  diffuse.  This  nucleus  is  thought  to 
be  involved  in  the  control  of  the  pupillary  light  reflex  by  receiving  a  direct  retinal 
input  and  projecting  to  the  Edinger-Westphal  nucleus.3143749  It  is  not  clear  at  the 
moment  as  to  which  pathway  was  used  by  the  tracer. 

Transsynaptic  retrograde  labeling  of  neurons,  as  indicated  by  accumulations 
of  silver  grains  over  cell  bodies,  could  be  reliably  found  in  areas  known  to  send 
strong  projections  to  the  cell  groups  labeled  by  direct  retrograde  transport  from 
the  injection  site. 

In  conclusion,  these  experiments  using  the  oculomotor  system  as  a  model 
have  shown  that  tetanus  toxin  is  transported  in  a  retrograde  fashion  not  only 
directly  but  also  transsynaptically  in  sufficient  quantities  to  be  detected  at  the 
light  microscope  level  in  the  cell  body  of  the  second  neuron. 
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Appendix 

Abbreviations 


III 

oculomotor  nucleus 

IV 

trochlear  nucleus 

Vm 

motor  trigeminal  nucleus 

Vmes 

mesencephalic  trigeminal  nucleus 

Vp 

principal  sensory  trigeminal  nucleus 

Vs 

spinal  trigeminal  nucleus 

VI 

abducens  nucleus 

VII 

facial  nucleus 

N  III 

oculomotor  nerve 

NIV 

trochlear  nerve 

N  VI 

abducens  nerve 

N  VII 

facial  nerve 

am 

anteromedian  nucleus 

BC 

brachium  conjuctivum 

BP 

brachium  pontis 

ccn 

central  caudal  nucleus 

cm 

centromedian  nucleus 

dn 

dentate  nucleus 

F 

H  fields  of  Forel 

Hb 

habenula  complex 

iC 

interstitial  nucleus  of  Cajal 

IO 

inferior  olive 

lv 

lateral  vestibular  nucleus  |Deiters') 

md 

nucleus  medialis  dorsalis  ihalami 

MLF 

medial  longitudinal  fasciculus 

mv 

medial  vestibular  nucleus 

nD 

nucleus  of  Darkschewitsch 

nrp 

nucleus  reticularis  parvocellularis 

nrpo 

nucleus  reticularis  pontis  oralis 

nrtp 

nucleus  reticularis  tegmenti  pontis 

on 

olivary  nucleus  of  the  pretectum 

PC 

posterior  commissure 

pg 

periaqueductal  gray 

ppH 

nucleus  prepositus  hypoglossi 

pu 

pulvinar 

RB 

restiform  body 

riMLF 

rostral  interstitial  nucleus  of  the  MLF 

rl 

nucleus  reticularis  lateralis 

rn 

red  nucleus 

sc 

superior  colliculus 

sn 

substantia  nigra 

so 

superior  olive 

spv 

spinal  vestibular  nucleus 

sr 

superior  rectus  division  of  III 

St 

subthalamic  nucleus 

SV 

superior  vestibular  nucleus 

TR 

tractus  retroflexus 

TS 

tractus  solitarius 

VPL 

nucleus  ventralis  posterior  lateralis 

y 

y  group 

zi 

zona  incerta 
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SOME  THOUGHTS  ABOUT  THE  THREE  NEURONS  IN 
THE  VESTIBULAR  OCULAR  REFLEX* 

R.  Baker,  C.  Evinger,  and  R.  A.  McCrea 

Department  of  Physiology  and  Biophysics 
New  York  University  Medical  Center 
New  York,  New  York  10016 


The  three-neuron  arc  envisioned  by  Lorente  de  No  (1933)  and  popularized  by 
Szentagothai  (1943,  1950)  has  generated  considerable  scientific  interest  because 
of  the  apparent  simplicity  with  which  it  produces  compensatory  eye  movement 
following  head  rotation. 46;’'1'71  The  reciprocal  organization  of  inhibitory  and 
excitatory  second-order  vestibular  neurons  has  offered  a  structural  basis  that 
adequately  explains  visual  stabilization  by  coordinating  the  activity  of  agonist- 
antagonist  extraocular  motoneurons.  Several  years  ago,  however,  Robinson 
pointed  to  a  number  of  problems  in  signal  processing  intrinsic  to  translating 
discharge  rate  on  the  three  neurons  in  the  vestibular  ocular  reflex  (VOR)  into 
muscle  active-state  tension.6162  This  paper  traces  the  development  of  conceptual 
and  experimental  findings,  with  emphasis  on  recent  understanding  of  the  neural 
signals  recorded  on  each  of  the  three  neurons  in  the  VOR. 

Although  few  new  data  are  presented,  a  few  significant  insights  are  offered 
by  this  exercise.  First,  many  of  the  recent  data  on  neural  signals  in  respect  to 
information  coding  via  discharge  rate  during  the  VOR  in  cat  are  presented,  and 
can  be  compared  to  that  in  the  primate.  In  so  doing,  we  find  that  central  VOR 
organization  in  the  two  species  is  very  similar  and  suggest  that  neural  processing 
may  be  essentially  the  same.  Second,  it  is  argued  that  understanding  the 
three-neuron  VOR  pathway  has  important  implications  for  studying  the  central 
organization  of  other  oculomotor  subsystems  (e.g.,  saccadic  and  pursuit)  but,  most 
relevantly,  provides  information  concerning  fixation  (e.g.,  eye  position).  Third, 
some  of  the  difficulties  in  modeling  the  VOR  with  neurons  reflecting  population 
(i.e.,  mean)  values  are  discussed.  The  wide  range  of  unique  physiological 
sensitivities  extending  from  sensory  to  motor  periphery  argues  for  tuned  chan¬ 
nels  responding  selectively  throughout  the  oculomotor  range  to  specific  frequen¬ 
cies  of  head  movement.  Finally,  morphological  evidence  pointing  to  the  location 
of  the  integrator  is  suggested.  This  review  begins  by  presenting  the  ideas 
underlying  the  type  of  information  to  be  coded  at  the  final  common  pathway— 
the  motoneuron. 
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The  VOR  in  Operation 

The  purpose  of  the  VOR  is  to  maintain  stable  vision  by  rotating  the  eye  in  the 
head  with  exactly  the  same  time  course,  but  in  the  opposite  direction,  as  head 
movement.  Robinson  (1975)  first  described  the  neural  signals  needed  to  create 
this  movement.61'62  Since  head  acceleration  (FJ)  is  the  second  derivative  of  head 
position  (H)  and  the  former  stimulates  the  semicircular  canals,  then  from  the 
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Figure  1.  Signal  processing  in  the  vestibulo-ocular  reflex.  Step  displacement  of  the  head 
as  illustrated  in  the  lower  left  produces  a  change  in  head  position  (H).  with  the  overall 
effect  of  altering  its  angle  in  respect  to  space.  This  movement  produces  a  pulse  of  head 
acceleration  |H),  which  is  signaled  as  a  step  of  head  velocity  (H).  The  H  signal  (i.e., 
frequency)  on  first-  and  second-order  vestibular  neurons  would  also  be  described  by  a 
similar  waveform.  The  step  and  ramp  functions  were  calculated  assuming  an  orbital  time 
constant  of  0.15  seconds.2'  Combining  0.15  dfl/dt  with  6  produces  the  compensatory  eye 
motion  depicted  as  eye  in  respect  to  head.  The  net  result  is  stabilization  of  the  eye  in  respect 
to  space.  The  downward  directed  arrow  indicates  the  0.15-second  delay  before  the  ramp 
signal  approaches  eye  velocity. 


standpoint  of  neural  processing,  the  purpose  of  the  VOR  is  to  recover  the  latter 
signal.  The  compensatory  eye  movement  in  response  to  a  pulse  of  head  accelera¬ 
tion  is  a  smooth,  constant-velocity  motion  in  the  opposite  direction,  but  due  to 
oculomotor  plant  dynamics,  a  step  change  in  motoneuron  activity  would  produce 
an  eye  movement  exponentially  approaching  a  new  position  (Figure  1).  Given 
the  orbital  time  constant  to  be  roughly  0,15  seconds  in  the  cat, 21  then  the 
movement  would  last  for  about  0.5  seconds;  but  if  this  signal  were  transferred  as 
such  through  the  three-neuron  VOR,  then  within  0.15  seconds  the  eye  would 
begin  to  be  in  phase  with  head  velocity  (H),  which  clearly  would  not  be 
compensatory  to  the  change  in  head  position.  If  the  increase  in  firing  rate  were  in 
the  form  of  a  ramp,  then  a  pursuitlike  movement  would  be  produced  that 
exponentially  approached  a  constant  velocity  but  in  which  the  amplitude  was 
less  than  that  of  the  head  movement.8’  Thus,  it  is  clear  that  to  make  the  eye 
change  rapidly  in  the  VOR,  the  step  must  be  combined  with  the  ramp  and  the 
neural  signals  must  be  proportional  to  both  eye  position  (E)  and  eye  velocity  (E).62 
Therefore,  it  is  important  to  know  whether  primary  and  secondary  vestibular 
neurons  provide  extraocular  motoneurons  with  the  combined  signal  and,  if  so, 
how  the  cat  and  monkey  compare  in  this  respect. 

Historically  it  is  important  to  note  that  Skavenski  and  Robinson  (1973)  pointed 
out  that  the  above  algorithm  combining  E  and  E  works  relatively  well  for 
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combinations  of  all  eye  movements,  irrespective  of  whether  E  is  produced  by 
either  vestibular  (Ev),  pursuit  (Ep),  or  saccadic  (E„)  pathways.68  In  the  case  of  the 
VOR,  a  command  proportional  to  desired  eye  velocity  could  in  fact  be  obtained 
directly  from  second-order  vestibular  connections  (H  s  E),  and  this  transforma¬ 
tion  was  never  questioned.  However,  the  additional  phase  lag  necessary  to 
produce  eye  position  was  postulated  to  occur  via  a  polyneuronal  network 
consisting  of  reverberating  collaterals  (Lorente  de  No,  1933)46  in  the  pontine 
reticular  formations  (see  Reference  60,  page  521,  Figure  2).  The  separation  into 
parallel  pathways  had  often  been  argued  for  because  of  its  analytical  conve¬ 
nience,1'268  even  though  evidence  began  to  appear  that  second-order  vestibular 
neurons  were  modulated  during  all  phases  of  nystagmus.331 47  More  recently,  the 
eye-movement-related  behavior  of  the  horizontal  and  vertical  VOR  neurons  in 
the  alert  cat  and  the  “presumed”  second-order  vertical  vestibular  neurons  in  the 


Ficure  2.  Schematic  diagram  illustrating  neurons  involved  in  production  of  the  vestibu- 
lo-ocular  reflex.  The  three  neurons  in  the  VOR  expected  to  be  active  during  a  head 
movement  to  the  right  are  shown  by  heavy  lines.  Most  abbreviations  are  similar  to  those 
utilized  in  the  text.  Others  are:  IPh  II  and  CPh  II  are  ipsi-  and  contralateral  projecting 
prepositus  neurons.  ERN  and  IRN  are  inhibitory  and  excitatory  reticular  neurons.  Ep,  E„ 
and  E,  are  pursuit,  saccadic,  and  vestibular  velocity  signals,  respectively.  In  every  case, 
only  one  set  of  connections  is  illustrated.  Since  many  of  these  pathways  are  indeed 
schematic  and/or  incomplete,  original  papers  mentioned  in  the  text  should  be  consulted 
before  adopting  them  for  other  purposes.  Filled  and  open  neurons  are  inhibitory  and 
excitatory,  respectively. 


174 


Annals  New  York  Academy  of  Sciences 


primate  have  been  studied  well  enough  so  that  the  reciprocal  inhibitory  and 
excitatory  second-order  vestibular  projections  to  horizontal  extraocular  moto¬ 
neurons  may  be  utilized  as  examples  for  discussing  VOR  operation  (Figure 

2j  5.41.49,50.56.73,7s 

Motoneurons  and  Motor  Units 

Logically  it  is  not  possible  to  evaluate  the  types  of  information  encoded  on 
first-  and  second-order  vestibular  neurons  without  recourse  to  the  hypothesis 
that  motoneuronal  discharge  is  directly  translated  into  muscle  active-state 
tension,  which  itself  creates  the  eye  movement.10  Based  upon  records  from 
extiaocular  motoneurons,  Robinson  suggested  a  descriptive  equation  in  which 
firing  rate  was  correlated  to  eye  position  and  velocity  by  a  first-order  differential 
equation:59 


R  =  k(0  -  8,)  +  rd0/dt  (1) 

where  R  was  motoneuron  discharge  rate,  6  was  eye  position,  dfl/dt  was  eye 
velocity,  k  and  r  were  slopes  of  the  rate  position  and  velocity  relationship, 
respectively,  and  0,  was  the  intercept  of  the  rate-position  plot  (i.e.,  threshold;  see 
Figure  3). 

Subsequent  studies  indicated  that  motoneurons  could  be  characterized  by 
unique  values  of  0„  k,  and  r,  which  is  useful  for  comparing  data  between  the  cat 
and  monkey.3'21,27'39,40'63'68  These  values  have  important  implications  because  they 
provide  a  means  to  estimate  the  neural  output  to  the  orbital  mechanics.3739  The 
relationship  between  the  net  muscle  force  (i.e.,  active-state  tension)  and  globe 
rotation  had  also  been  approximated  by  a  similar  first-order  differential  equa¬ 
tion,  which  ac'umed  that  the  mechanical  impedance  of  the  eye  and  its  attach¬ 
ments  consisted  mainly  of  elastic  and  viscous  elements  that  could  be  approxi¬ 
mated  by  a  single  elasticity  in  the  form:59 

F  -  x®  +  pdff/dt  (2) 

Essentially  x  and  p  have  been  substituted  by  K  and  R,  representing  elastic  and 
viscous  coefficients  whose  ratio  R  over  K  reflects  the  time  constant  of  the 
mechanical  load.  The  latter  is  envisioned  to  be  constant.  The  above  equation  is 
only  useful  as  an  approximation  because  fourth-order,  and  even  higher,  linear 
differential  equations  (even  nonlinear]  are  necessary  to  model  the  mechanical 
impedance  of  the  eye.375968  This  cautionary  concession  is  important  because  a 
distinctive  feature  of  extraocular  organization  is  the  wide  range  in  mechanical 
properties  of  individual  muscle  fibers  with,  of  course,  subsequent  inference  as  to 
innervation  by  motoneurons  with  suitably  matching  proportionality  constants 
(r/k). 

The  maximum  tetanic  tension  of  different  motor  units,  as  well  as  their  fusion 
frequencies,  varies  by  more  than  an  order  of  magnitude.1011  233742  In  light  of 
variable  levels  of  thresholds  for  recruitment  (fl,)  and  the  remarkable  sensitivity  of 
muscle  fibers  to  frequency  potentiation,  it  is  clear  that  total  muscle  force  is 
always,  in  part,  a  function  of  both  the  number  of  motoneurons  firing  and  their 
individual  rate.  Thus,  nearly  any  attempt  with  present-day  approaches  to  show  a 
highly  ordered  relationship  between  muscle  force  and  individual  motoneuron 
discharge  rate  definitely  would  be  nonlinear.  This  conclusion  is  apparent  from 
the  observation  that  about  10%  of  extraocular  motoneurons  generate  more  than 
25%  of  the  maximum  muscle  tension.37  The  above  ideas  are  important  factors  in 
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determining  the  point-to-point  causal  relationships  between  first-  and  second- 
order  vestibular  neurons  and  motoneurons. 

Robinson  has  argued  that  if  motoneuron  discharge  rate  is  directly  translated 
into  muscle  force,  then  the  position  and  velocity  proportionality  constants  (k  and 
r  in  Equation  1)  should  have  nearly  the  same  ratio  as  the  comparable  parameters 
for  the  force  equation  (K  and  R  in  Equation  2)  in  order  to  approximate  the  time 
constant  of  the  mechanical  load.59  In  the  primate,  k  ranged  from  1.1  to  14.5 
spikes/second  per  degree  with  a  mean  of  4.0  spikes/second  per  degree.37,59'63,68 
The  value  of  r  determined  with  sinusoidally  induced  eye  movement  in  the  VOR 
ranged  from  0.25-5.0  spikes/second  per  degree/second,  with  a  peak  near  0.6 
spike/second  per  degree/second.63  Although  r  and  k  ranged  over  a  magnitude, 
the  average  ratio  was  4/1.  Depending  on  number  selection,  the  mean  time 
constants  ranged  from  0.15  to  0.25  seconds.37,59,63,68  Another  way  to  calculate  the 
time  constant  is  to  measure  the  phase  lag  between  eye  position  and  motoneuron 
discharge  during  sinusoidal  eye  movement.  Since  eye  movement  is  described  by 
8  -  sin  ait,  the  latter  may  be  substituted  in  Equation  1  so  that  the  phase  lag 
between  eye  position  and  discharge  rate  is  equivalent  to  r  -  tangent-1  (<oT), 
where  is  frequency  in  radians,  T  is  time,  and  r  is  the  time  constant.  Since  r  - 
r/k,  a  more  convenient  way  to  write  the  equation  is: 


r  tan  8 
k  =  ~2tF 


(3) 


By  employing  the  calculated  value  for  the  velocity  proportionality  constant  (r)  in 
the  primate,  r  was  found  to  be  0.2  seconds,  suggesting  both  methods  for  its 
approximation  to  be  reasonably  comparable.  In  identified  cat  motoneurons,  k 
was  found  to  range  between  1.8-9.9  spikes/second  per  degree,  with  a  mean  of  5.3 
spikes/second  per  degree.21  The  value  of  r  determined  with  saccadic  eye 
movement  ranged  from  0.63-1.23  spikes/second  per  degree/second,  yielding  a 
mean  time  constant  of  0.16  second.  The  time  constant  calculated  from  phase  lag 
during  sinusoidal  vestibular  VOR  was  0.142  second.21  Thus,  the  ratio  of  orbital 
time  constants  in  the  cat  vs.  the  primate  as  determined  (a)  by  sinusoidal  responses 
is  140  vs.  200  mseconds  and  (b)  by  the  step  responses  to  electrical  stimulation  of 
the  nerve  is  45  vs.  68  mseconds.21,56  The  nearly  three  to  one  difference  in  both 
species  indicates  that  larger,  higher-tension  motor  units  need  to  be  weighted 
more  heavily  in  calculation  of  the  overall  (i.e.,  population)  neuronal  time 
constants  (see  References  21  and  37). 

A  priori,  one  might  have  envisioned  that  the  findings  showing  that  motoneu¬ 
rons  and  motor  units  were  not  quantitatively  a  homogeneous  population  coupled 
with  the  vast  range  in  their  morphological  and  electrophysiological  architecture, 
added  to  the  disparity  in  neural  vs.  mechanical  time  constants,  would  argue 
conclusively  for  motoneuronal  channels  as  being  "highly  tuned”  conduits  of 
specific  types  of  eye  movements.411,25  28,42  70  In  fact,  early  studies  reasonably 
expected  the  diversity  of  eye  position  and  velocity  sensitivities  to  be  correlated 
with  discharge  pattern  wherein  the  neuronal  time  constants  might  be  logically 
correlated  to  motor  unit  characteristics.63,68  Yet  every  study  in  the  monkey  failed 
to  find  such  relationships  (cf..  Reference  27).  All  neurons  in  the  extraocular  motor 
nuclei  appeared  to  participate  in  all  types  of  eye-movement-related  behavior, 
extending  from  “tonic”  during  fixation  to  “phasic”  during  saccades.  Thus,  the 
overall  thrust  of  most  arguments  has  been  to  deny  the  long-standing  hypothesis 
for  separate  (i.e.,  discontinuous)  populations  of  “tonic”  and  "phasic”  motoneu¬ 
rons  that  might  be  correlated  specifically  with  slower  (i.e.,  vergence)  and  faster 
(i.e.,  saccadic)  eye  movements.  On  the  other  hand,  the  above  assertion  simply 
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may  be  too  encompassing,  especially  in  view  of  recent  work  on  primary  and 
secondary  vestibular  neurons,  including  motoneurons  and  motor  units.  The 
ability  to  match  neuronal  time  constants  with  appropriate  motor  units  in  the 
primate  may  have  failed  because  of  the  latter’s  extensive  oculomotor  range, 
containing  a  large  number  of  intermediate-  and  low-threshold  units  responding 
during  all  types  of  eye  movements  rather  than  the  absence  of  such  relationships. 
The  cat’s  limited  oculomotor  range  and  broad  range  for  motoneuronal  recruit¬ 
ment  threshold  as  well  as  velocity  sensitivity  before  saturation  should  offer  a 
better  opportunity  to  resolve  this  question.21  Tonic  motoneuronal  discharge  exists 
throughout  the  oculomotor  range  in  both  species.  Even  in  the  three  neurons  of  the 
VOR,  it  would  be  important  to  weight  recruitment  from  the  multiply  to  the  singly 
innervated  fibers  such  that  both  the  motoneuronal  and  vestibular  neuron  time 
constants  would  reflect  a  continuous  function  of  recruitment  and/or  frequency 
potentiation  into  the  ongoing  compensatory  eye  movement.  The  strength  of  the 
above  suggestion  is  that  it  would  not  interfere  with  use  of  any  prior  data  from 
either  the  monkey  or  the  cat  as  long  as  they  were  obtained  in  a  defined  state  of 
alertness  (see  later  discussion). 

The  above  points  serve  to  reemphasize  the  use  Robinson  really  wanted  to 
make  of  the  neural  time  constant  ratio,  namely,  to  suggest  that  variation  in  r  and  k 
at  the  motoneuronal  level  indicated  separate  prenuclear  structures  to  be 
involved  with  each  type  of  eye  movement.59  For  example,  the  range  of  variation 
in  r  for  pursuit  vs.  vestibular  eye  movement  indicated  that  cells  with  the  same 
values  for  position  could  have  quite  different  velocity  parameters.  This  suggested 
that  one  prenuclear  structure  might  generate  the  command  concerned  with 
fixation  (position),  and  another  with  velocity  (e.g.,  in  the  VOR).  It  also  led  to 
subsequent  studies  of  other  velocity  command  sources  (i.e.,  pursuit,  vergence, 
saccades,  etc.),  which  themselves  produced  unique  proportionality  values  (r  and 
k)  for  motoneurons.  Most  important,  the  work  emphasized  for  the  first  time  that 
“fixation”  was  an  active  process,  as  much  so  as  movement,  and  in  fact  that 
generation  of  eye  position  (i.e.,  k)  might  be  via  a  separate  neural  control  system 
independent  of  any  other.62  Locating  the  central  neural  circuit(s)  underlying  eye 
position  is  therefore  an  important  undertaking. 

The  finding  that  each  motoneuron  and  vestibular  neuron  may  be  described 
by  a  unique  set  of  response  properties  (r  and  k)  suggests  that  each  preferentially 
responds  to  or  in  conjunction  with  certain  types  of  eye  movement.  To  be  specific 
for  the  VOR,  this  implies  that  each  cell  of  the  three-neuron  arc  may  be  tuned  to 
the  speed  of  head  movement,  thereby  providing  a  continuum  of  information  from 
low  to  high  frequency.  The  evidence  to  date  suggests  that  this  “uniqueness”  in 
respect  to  head  velocity  (i.e.,  r)  may  not  be  averaged  out  by  synaptic  convergence 
in  the  three-neuron  VOR.  Certainly  the  fixation  signal  (i.e.,  eye  position,  k) 
appears  to  be  distributed  in  a  ubiquitous,  but  ordered,  fashion  on  each  of  the  final 
two  stages  of  the  three-neuron  VOR.  In  spite  of  our  general  feeling  that  use  of 
averaged  proportionality  constants  is  not  the  best  way  to  model  the  three-neuron 
VOR,  they  essentially  may  not  be  incorrect  and,  in  fact,  may  offer  some  further 
insight  to  remaining  problems.  In  that  spirit — 


Primary  Afferent  Vestibular  Neurons 

Two  measures  of  vestibular  semicircular  canal  afferent  activity  are  resting 
discharge  rate  and  sensitivity  to  head  acceleration.  In  primates,  the  average  rate 
was  found  to  be  equivalent  to  90  spikes/second  and  the  mean  sensitivity  to  head 
acceleration  was  2.24  spikes/second  per  degree/second2  (throughout  the 
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frequency  range  of  0.03-1  Hz).1822  Dividing  the  population  value  for  constant 
acceleration  by  the  effective  time  constant  of  the  cupula  (5.7  seconds)  yielded  an 
average  sensitivity  to  head  velocity  of  0.39  spike/second  per  degree/second. 
Thus,  primate  vestibular  afferent  discharge  (PVRp)  may  be  described  by: 

PVRp  =  90  spikes/second  -  0.4  spike/second  per  degree/second  H 

where  H  equals  head  velocity  and  the  minus  sign  indicates  coordinates  chosen  so 
that  the  eyes  move  in  the  opposite  direction  to  the  head.56 

In  the  cat,  the  average  vestibular  firing  rate  was  about  60  spikes/ 
second;1,7 1517'67,69  and  this  value  is  close  to  that  in  the  alert  cat.7  The  acceleration 
sensitivity  of  canal  afferents  ranged  from  0.11-5.6  spikes/second  per  degree/ 
second2,  and  the  canal  cupular  time  constant  between  3.0  and  4.9 
seconds.1'617'51,67,69  A  mean  acceleration  sensitivity  of  1.8  spikes/second  per 
degree/second  and  a  mean  time  constant  of  4.0  seconds  may  be  calculated, 
thereby  describing  the  cat  primary  afferent  discharge  rate  (PVRp)  as: 

PVRC  -  60  spikes/second  -  0.4  spike/second  per  degree/second  H 

Thus,  all  recent  work  argues  that  cat  primary  vestibular  neurons  are  very 
similar  to  those  in  the  primate,  including  such  features  as  high-frequency 
enhancement  and  phase  lead.  Most  significantly,  the  distribution  and  mean 
values  for  sensitivity  and  phase  were  nearly  the  same  regardless  of  the  animals' 
state  of  alertness.  This  invariant  feature  makes  the  conversion  of  H  from  first-  to 
second-order  vestibular  neurons  one  of  the  easiest  to  address.  However,  of 
specific  relevance  to  the  earlier  ideas  regarding  motoneuronal  time  constants  is 
the  recent  finding  on  cat  primary  vestibular  afferents  suggesting  them  to  be  tuned 
to  respond  maximally  to  certain  head  movements.6976  Afferents  innervating 
different  portions  of  the  crista  have  different  dynamic  properties,  as  shown  by 
use  of  wide-band  stimuli  and  subsequent  estimation  of  the  system  transfer 
function,  where  it  was  concluded  that  use  of  an  average  transfer  function  was  an 
oversimplification.69  Clearly  the  sensitivity,  dominant  time  constant,  and  resting 
discharge  rate  are  three  important  properties  of  every  canal  afferent  that 
determines  the  cells  behavior  under  a  variety  of  conditions  (see  Figure  6  in 
Reference  69).  Nearly  every  study  of  second-order  vestibular  neurons  suggests 
that  between-cell  differences  do  not  appear  to  be  averaged  out  by  convergence  of 
primary  vestibular  afferents  with  different  characteristics.5'819'38'52'57'65'67'75 


Secondary  Vestibular  Neurons 

Traditionally,  both  anesthetized  and  alert  cats  and  primates  have  been 
studied,  and  population  values  from  nonidentified  neurons  in  the  vestibular 
nucleus  have  given  expected  wide-ranging  values.  Even  so,  Fuchs  and  Kimm,  in 
an  interesting  comparison  of  the  cat  and  monkey  vestibular  nuclei  neurons, 
concluded  that  there  was  little  difference  in  respect  to  gain  (average  values  were 
0.76  spike/second  per  degree/second  in  the  frequency  range  of  0.25-1.5  Hz 
versus  0.53  spike/second  per  degree/second  in  the  range  of  0.5-0.93  Hz)  and 
phase  (78.6°  and  77.200).19  The  only  notable  finding  was  a  lower  spontaneous 
firing  rate  in  the  absence  of  vestibular  stimulation,  where  cat  neurons  responded 
around  20  spikes/second  yet  the  primate  was  always  in  excess  of  70  spikes/ 
second.528567  These  numbers  became  more  specific  for  the  VOR  when  Pola  and 
Robinson  and  King  et  al.  utilized  values  recorded  from  axons  of  presumed 
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second-order  vestibular  neurons  located  in  the  medial  longitudinal  fasciculus 
(MLF)  of  alert  primates.41 56  In  this  case,  the  average  discharge  rate  was  an  even 
higher  130  spikes/second  (at  central  gaze  position)  and  H  sensitivity  during  the 
VOR  was  found  to  be  nearly  0.98  spike/second  per  degree/second.  Combined 
with  an  eye  position  (E)  sensitivity  of  2.5  spikes/second  per  degree,  second-order 
vestibular  neuron  rate  (SVRP)  could  be  described  by: 

SVRP  -  130  spikes/second  +  2.5  spikes/second  per  degree  E 

-  0.98  spike/second  per  degree/second  H 

In  the  cat,  based  upon  records  from  axons  of  identified  second-order  vestibu¬ 
lar  neurons  in  the  MLF,  the  mean  resting  discharge  rate  was  found  to  be  45 
spikes/second.5'49  75  Eye  position  values  ranged  from  1. 0-9.0  spikes/second  per 
degree,  and  the  population  value  equaled  3.0  spikes/second  per  degree.  In  the 
alert  cat,  H  was  estimated  for  identified  VOR  neurons  (Equation  3  and  measure¬ 
ments),  and  values  ranged  from  0.5-4.0  spikes/second  per  degree/second,  with  a 
population  mean  of  1.25  H.  Thus,  cat  second-order  vestibular  neuron  discharge 
(SVRc)  may  be  described  by: 

SVRC  =  45  spikes/second  +  3.0  spikes/second  per  degree  E 

-  1.25  spikes/second  per  degree/second  H 

The  first  notable  point  is  that  H  sensitivity  is  nearly  doubled  in  both  the  cat  and 
primate  from  the  first-  to  second-order  vestibular  neuron  in  either  the  alert  or 
anesthetized  animal.  In  the  latter  respect,  H  has  been  often  calculated  on  cat 
second-order  neurons,  and  the  range  of  0.3-3.0  spikes/second  per  degree/second 
is  quite  comparable  to  the  alert  cat  values.21,3®'52'®’®7  Secondly,  most  prior  views 
have  assumed  the  increase  of  H  sensitivity  to  be  due  to  vestibular  commissural 
inhibition,  in  spite  of  the  high  synaptic  efficacy  between  first-  and  second-order 
vestibular  neurons.3557®4  The  only  direct  commissural  vestibular  connection  in 
the  cat  horizontal  VOR  appears  to  be  on  the  excitatory  vestibular  pathway 
projecting  via  the  ascending  tract  of  Deiters’  (ATD)  to  medial  rectus  motoneu¬ 
rons.2834  Undoubtedly,  in  the  alert  cat  and  other  preparations  (e.g..  References  3, 
47,  66,  and  67),  there  is  an  inhibitory  interaction  between  VOR  neurons,  but 
whether  it  really  is  “vestibular  sensitivity”  (i.e.,  H)  or  an  action  through  indirect 
pathways  (e.g.,  via  the  Ph  integrator)  is  not  known.  The  more  parsimonious 
assumption  is  that  mean  (not  range  of)  H  is  larger  on  second-order  VOR  neurons 
because  of  the  synaptic  arrangement  between  first-  and  second-order  neurons. 
This  argument  indirectly  supports  highly  tuned  synaptic  convergence  between 
primary  and  second-order  VOR  neurons. 

In  the  primate,  an  average  smooth  pursuit  sensitivity  (Ep)  of  0.5  spike/second 
per  degree/second  was  also  found  on  MLF  fibers,56  72  thereby  cl  r4  indicating 
(as  suggested  earlier  by  Robinson)59  that  the  same  prenuclear  neu.  ns  could  carry 
one  velocity  signal  for  pursuit  and  another  for  vestibular  but  that  in  ■  '  jases  the 
proportionality  constants  for  eye  position  were  the  same.  Qualitatively,  Ep  has 
been  shown  on  identified  cat  second-order  vestibular  neurons,  but  as  yet  no 
reliable  values  have  been  calculated  to  compare  it  with  Ev.  Since  primate  MLF 
neurons  paused  for  saccades  in  both  directions,  the  saccadic  velocity  (Es)  signal 
was  (-)  and  1.0  spike/second  per  degree/second.  However,  cat  VOR  neurons 
only  pause  for  saccades  in  the  off  direction  and  often  exhibit  a  weak  velocity 
sensitivity  in  the  on  direction  for  both  horizontal  and  vertical  VOR.5  49  75  Thus,  in 
both  species  there  are  clearly  separate  pathways  from  the  reticular  formation  for 
E,  to  be  superimposed  on  second-order  VOR  neurons.32,76  The  various  combina¬ 
tions  of  the  above  eye  velocity  signals  (Ev,  Ep,  and  E.)  on  identified  cat  vestibular 
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and  abducens  motoneurons  are  well  summarized  in  Berthoz  et  al.  and  Gold¬ 
berg.5,21 

Vestibular  neuron  position  sensitivity  (E)  can  and  does  vary  with  the  state  of 
alertness,  yet  the  H  signal  is  relatively  invariant,  A  decrease  in  k  is  equivalent  to 
reducing  the  stiffness  of  the  oculomotor  plant,  which  undoubtedly  shifts  the  eye 
away  from  perfect  compensation  during  vestibular  stimulation.10  In  fact,  it  has 
been  noticed  in  the  drowsy  cats  and  monkeys  that  as  sensitivity  to  eye  position 
decreases,  sinusoidal  head  rotation  creates  a  strong  change  in  the  phase  (i.e.,  a 
lead)  of  neuronal  discharge  relative  to  head  acceleration.5'0'14,21  This  effect  is 
illustrated  by  comparison  of  data  from  the  alert  cat  (References  5,  21,  49,  and  75 
and  unpublished  data)  with  that  described  in  the  decerebrate,67  in  which  the 
neural  and  mechanical  orbital  time  constants  differed  by  an  order  of  magnitude 
yet  the  population  values  for  H  on  first-  and  second-order  and  motoneurons  in 
the  VOR  were  nearly  the  same.  In  view  of  the  fact  that  velocity  sensitivity  (r) 
appears  to  be  less  dependent  on  the  behavioral  state,  then  active  muscle-force 
tension  generated  in  the  plant  from  contributing  motoneurons  becomes  a  func¬ 
tion  of  averaging  the  wide-ranging,  but  unique,  time  constants.  Given  that  r  and  k 
for  cat  vestibular  and  motoneurons  range  over  an  order  of  magnitude  [(10-12)/1), 
it  may  be  argued  that  the  oculomotor  system  spring  constant  is  an  important 
feature  compensated  for  centrally  with  neural  signals  strategically  placed  on 
both  classes  of  neurons  for  that  precise  purpose.  In  fact,  Goldberg  has  pointed  out 
that  the  limited  oculomotor  range  in  cats  and  their  capacity  to  generate  a  larger 
stiffness  in  peripheral  musculature  imply  that  their  oculomotor  plant  is  capable 
of  responding  faster  to  step  changes  in  both  innervational  input  and  sinusoidal 
than  that  of  the  monkey,  even  though  cats’  eye  movements  are  generally  slower.21 
Others  have  recently  commented  on  the  state  dependency  of  eye  move¬ 
ments,912 13 1621  with  the  reasonable  extrapolation  now  being  that  to  understand 
normal  operations  of  the  VOR,  it  must  be  studied  in  the  alert,  intact  animal 
because  of  the  strong  dependence  of  the  eye  position  signal  on  central  process¬ 
ing.  The  importance  of  this  idea  can  be  visualized  in  another  fashion  by 
considering  the  contributions  of  second-order  vestibular  neurons  to  the  phase  of 
eye  movement,  which,  secondarily,  offers  the  advantage  of  pointing  out  some 
structural  features  of  the  “integrator."  By  contending  nothing  more  than  that  the 
vestibular  neuron  and  its  associated  position  signal  reflect  an  output  of  the 
integrator,  it  is  possible  to  construct  a  Bode  plot  like  that  shown  in  Figure  4.  The 
numerical  values  arise  from  picking  appropriate  r,  k,  and  6  values  for  elements  in 
the  cat  VOR  throughout  the  frequency  range  of  0.01  to  10  Hz  and  inserting  them 
in  Equation  3.  It  is  possible  to  conclude  from  this  figure  that  nearly  all  the 
necessary  phase  shift,  including  that  of  the  more  than  90°  required  at  low 
frequencies  (0.01-0.1  Hz),  could  in  fact  be  produced  by  the  straightforward 
logical  progression  of  signals  from  the  semicircular  canal  end  organ  to  the  motor 
unit.  In  view  of  the  above  features  of  the  three  neurons  in  the  VOR,  it  now  is 
possible  to  inquire  about  other  implications  for  normal  VOR  operation. 

To  this  point,  the  proportionality  constants  for  the  three  VOR  neurons  have 
been  used  to  illustrate  the  point-to-point  average  neural  conversion.  As  is  clear 
from  preceding  discussion,  this  exercise  may  be  misleading  unless  it  eventually 
falls  into  agreement  with  morphological  data.  Some  immediate  advantages  and 
limitations  may  be  drawn  by  comparing  the  descriptive  equations  for  cat  horizon¬ 
tal  second-order  vestibular  neurons  and  motoneurons:21 


SVNRC  -  45  spikes/second  +  3,0  spikes/second  per  degree  E 
-  1.25  spikes/second  per  degree/second  H 
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Abd  Mnc  =  60  spikes/second  +  5.0  spikes/second  per  degree  E 
+  1.0  spike/second  per  degree/second  E 

The  range  of  position  (E)  values  on  cat  vestibular  neurons  (k,  1-9.9  spikes/second 
per  degree)  could  be  significant  both  in  respect  to  phase  and  gain  of  the  signal 
provided  at  the  motoneuron,  depending  of  course  on  the  spatial-temporal 
convergence  pattern  in  which  the  number  of  synaptic  possibilities  is  likely  only 
limited  by  adherence  to  the  tuned  filter  concept.  A  straightforward  literal 


0  Eye/Head 


c 

o 

o 

Jj 

a 

U 

U 

< 

~o 

a 

4> 

X 

ai 

*- 

O) 

_o 

«D 

t/t 

O 

-C 

O- 


A.  0.01  0.1  1.0  10.0 

To  H  Frequency  Hz 

Figure  4.  Bode  diagram  summarizing  the  phase  shifts  with  respect  to  head  position  of 
identifiable  elements  in  the  VOR,  beginning  with  primary  vestibular  and  extending  to 
orbital  mechanics  (dynamics  of  extraocular  muscle,  motoneurons,  etc.)  for  frequencies 
of  sinusoidal  head  rotations  from  0.01-10  Hz.  The  bottom  horizontal  line  dH  is  head 
acceleration,  which  leads  the  head  position  by  180°  (the  top  line).  Therefore,  moving  from 
the  bottom  to  the  top  of  this  graph  shows  a  phase  lag.  The  values  for  primary  vestibular 
afferents  and  orbital  mechanics  are  direct  from  Reference  68,  but  they  have  been  redrawn 
slightly  differently.  The  shaded  area  is  the  phase  lag  contributed  by  secondary  vestibular 
neurons.  It  was  calculated  from  Equation  3,  assuming  constant  r  values  of  1.0  spike/second 
per  degree/second  and  k  values  ranging  from  1-8  spikes/second  per  degree.  The  filled 
triangles  represent  the  upper  limit  (i.e.,  k  -  8)  for  a  lag  contributed  by  this  vestibular 
element.  The  difference  between  secondary  vestibular  neurons  and  orbital  mechanics  is 
labeled  Ph  Integrator.  It  is  the  phase  that  remains  to  be  contributed  by  an  additional 
integration  in  central  neural  processing.  The  relative  phase  lags  from  each  of  the  elements 
are  indicated  at  0.1  Hz  because  the  latter  is  a  representative  frequency  as  well  as  the  point 
where  the  largest  additional  position  signal  is  required.  The  stars  represent  calculated 
values  of  Abd  Mns  in  the  cat  from  Reference  21  and  suggest  that  phase  lag  contributed  from 
orbital  mechanics  is  less  in  the  cat  than  in  the  primate.  Note  that  since  the  cat  VOR 
(References  21  and  13)  exhibits  a  3-5°  phase  lead  to  head  position  throughout  the  above 
frequency  range,  the  lag  in  orbital  mechanics  is  further  reduced. 
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translation  (i.e.,  spike  for  spike)  from  one  level  to  another  without  reference  to 
correlative  morphological  or  topographical  organization  is  illogical,”  because  by 
itself  it  would  lead  to  the  conclusion  that  the  neural  signals  (i.e.,  gain)  on 
vestibular  neurons  are  probably  sufficient  to  drive  motoneurons.  This  synaptic 
arrangement  could  become  quite  generous  because  reciprocal  vestibular  path¬ 
ways  (medial  rectus  excluded)  drive  motoneurons  in  a  push-pull  fashion,  so  both 
H  and  E  are  effectively  doubled,  which  results  in: 

EVN  -  (-IVN)—  Abd  Mnc  «=■  60  spikes/second 

+  6.0  spikes/second  per  degree  E 
—  2.5  spikes/second  per  degree/second  H 

The  argument  in  respect  to  doubling  H  at  individual  motoneuronal  levels  is 
really  applicable  throughout  the  oculomotor  range:  however,  intuitively  there 
are  limitations  in  respect  to  E.  There  seemingly  is  no  way  to  avoid  a  balance  or  a 
null  point  for  vestibular  inhibitory-excitatory  interaction  very  close  to  the  center 
of  fixation  (see  Figure  3).  Irrespective  of  the  synaptic  arrangement,  there  will 
always  be  a  fixation  point  where  vestibular  inhibition  offsets  excitation  and  a 
zero  position  signal  (i.e.,  0.0  E)  results.  The  sharpness  and  range  of  6 ,  for  such 
effects  are  unknown,  and  any  null-point  argument  need  not  be  extended  until 
the  distribution  of  vestibular  inputs  (with  unique  r  and  k  proportionality 
constants)  is.correlated  with  equally  well  identified  postsynaptic  targets.  Yet  the 
above  observation  is  important  because  it  implies  that  another  afferent  source 
imparts  E  in  a  continuous  and/or  graded  fashion,  but  maybe  not  equally  well 
throughout  the  entire  oculomotor  range  (?).  Secondly,  since  most  rate-position 
curves  for  vestibular  neurons  intersect  near  central  fixation  (around  0°),  where 
the  vast  majority  of  motoneurons  still  require  a  significant  E  signal,  then  their 
role  appears  to  be  directed  toward  production  of  eccentric  fixation  angles  (i  “., 
laterality).  Fortunately,  it  is  possible  to  conclude  that  second-order  vestibular 
neurons  in  respect  to  H  sensitivity  are  utilized  exactly  as  expected  (i.e.,  in  a 
continuous  and  increasingly  sensitive  fashion  throughout  a  wider  part  of  the 
oculomotor  range).  To  establish  any  realistic  transfer  function  between  first-  and 
second-order  vestibular  and  extraocular  motoneurons  first  requires  establishing 
the  synaptic  relationship  between  individual  cells  with  measured  r  and  k  values. 
As  yet,  there  is  no  compelling  argument  for  abandoning  the  proposed  role  of 
“average”  burst  tonic  neurons  and  adopting  the  concept  of  high-  and  low- 
frequency  tuned  channels,  but  there  is  little  doubt  that  second-order  vestibular 
neurons  with  large  head  velocity  sensitivities  preferentially  contact  higher 
threshold  motoneurons  with  similar  properties  and  that  those  with  high  position 
sensitivities  synapse  extensively  with  lower  threshold  "tonic”  motoneurons. 
Interestingly,  the  tonic  activity  found  on  second-order  vestibular  neurons  clearly 
consists  of,  in  part,  a  head  position  signal  (i.e.,  spontaneous  activity  of  first-order 
vestibular  neurons)'5  plus  an  added-on  eye  position  signal.  Their  termination  on 
lower  threshold  motoneurons  whose  distributed  mechanical  properties  range 
from  the  smaller  amplitude,  low-  to  medium-range  head  velocities  indeed 
provides  the  largest  fixation  angle  throughout  which  the  oculomotor  system 
operates.  In  this  scheme,  the  “population”  responses  are  limited  to  the  central 
part  of  the  oculomotor  range  where  the  uncertainties  in  synaptic  organization 
and  role  (e.g.,  described  in  Figure  3)  caution  against  their  unqualified  use  to 
further  model  VOR  organization.  The  continuity  of  synaptic  connectivity  extend¬ 
ing  from  the  mechanical  structure  of  the  canal  itself  to  the  level  of  the  motor  unit 
in  which  higher  head  velocities  are  preferentially  passed  onto  mechanical  units 
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with  dynamic  characteristics  appropriate  for  compensating  the  VOR  to  that  head 
velocity  needs  to  be  explored  in  more  detailed  models.4255 


The  Integrator 

The  preceding  section  has  made  it  clear  that  in  addition  to  the  eye  position 
signal  described  on  second-order  vestibular  neurons,  another  source  seems  to  be 
required  at  the  level  of  extraocular  motor  nuclei.  Diverse  pieces  of  evidence 
strongly  suggest  that  the  prepositus  nucleus  (a  subdivision  of  the  perihypoglossal 
complex)2  is  the  source  of  this  extra  position  input.  The  argument  can  be 
illustrated  best  in  relationship  to  horizontal  eye  movement  during  the  VOR.  The 
prepositus  nucleus  projects  directly  to  both  the  abducens  and  medial  rectus 
nuclei.226304*  Physiological  evidence  has  confirmed  that  the  neural  signal  is 
related  to  both  the  eye  position  and  velocity  (E  +  E).44,45 

The  most  relevant  morphological  finding  is  the  extent  of  synaptic  connectivity 
between  second-order  VOR  neurons  with  the  prepositus  nucleus  and  its  recipro¬ 
cal  connections  to  the  vestibular  nuclei.33,46'50  By  the  process  of  exclusion  (i.e., 
absence  of  other  connectivity),  one  must  assume  that  the  role  of  the  above 
neurocircuitry  is  to  produce  eye  position.  For  the  VOR,  this  conclusion  is  in  fact 
indirectly  supported  by  study  of  excitatory  and  inhibitory  reticular  neurons 
related  to  eye  velocity  and  their  reciprocal  organization  with  the  prepositus 
including  the  vestibular  nuclei.8  24  26  30  32  40  76  Also  of  obvious  important  reference  is 
the  established  role  of  the  flocculus  in  smooth  pursuit  and  fixation,  with  its 
reciprocally  organized  connections  to  the  prepositus  and  vestibular 
nuclei.243  40  53  54  77  In  summary,  the  most  parsimonious  conclusion  is  that  at  least  the 
structure  and/or  part  of  the  neurocircuit  primarily  generating  eye  position  is 
located  in  the  posterior  brain-stem  in  the  medulla.  Furthermore,  in  view  of  its 
detailed  cytoarchitectronic  organization,  including  intrinsic  and  extrinsic 
connections  (Reference  49  and  McCrea  and  Baker,  1982,  unpublished),  it  is 
logical  to  conclude  that  the  prepositus  nucleus  is  the  site  for  the  "integrator.” 

Finally,  one  of  the  interesting  features  of  the  diagram  illustrated  in  Figure  1  is 
its  conceptual  similarity  to  that  of  Robinson  entitled  "a  circuit  diagram  for  the 
pons,”  in  which  the  sequence  of  signal  flow  was  depicted  for  all  eye-movement- 
related  activity 62  The  neural  wiring  in  Figure  1  fits  nearly  perfectly  with  the 
above  description!  Especially  relevant  is  the  feature  of  being  able  to  correlate  the 
morphological  and  physiological  organization  of  not  only  the  vestibular  projec¬ 
tion  to  the  extraocular  nuclei  but  that  to  and  from  the  prepositus,  including  the 
reticular  nuclei.  Although  it  would  be  reasonable  to  suggest  on  the  basis  of  our 
present  experimental  understanding  of  the  prepositus  that  it  is  the  additional 
source  for  the  eye  position  signal  required  by  the  extraocular  motor  nuclei 
(Figure  4,  Ph  integrator),  it  clearly  would  be  presumptuous.  The  major  problem  is 
that,  to  date,  most  of  the  detailed  physiology  and  morphology  is  not  yet  in 
agreement.  As  one  example,  prepositus  neurons  are  predominantly  type  II  (i.e., 
respond  like  Abd  Mns),  and  although  there  are  both  ipsi-  and  contralateral 
projecting  type  II  axonal  patterns,  each  seems  to  be  restricted  to  only  one  side  of 
the  brain  stem  as  illustrated  in  Figure  1  (References  30  and  48  and  unpublished 
data).  This  would  imply  that  the  extensive  ramifications  of  an  individual  preposi¬ 
tus  neuron  need  to  be  excitatory  in  some  cases  (i.e.,  as  in  the  contralateral 
vestibular  nucleus)  but  inhibitory  at  other  levels  (i.e.,  the  abducens  nucleus)  (?). 
Furthermore,  the  prepositus  activity  recorded  to  date  in  the  medial  rectus 
subdivision  of  the  oculomotor  complex  is  consistent  with  an  inhibitory  action  on 
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target  cells.45  These  connections  are  confusing  because  "excitatory”  position 
signals  would  seem  to  be  more  desirable  for  both  motoneurons  and  internuclear 
neurons.  Given  that  the  range  of  prepositus  proportionality  constants  (r,  k,  and  0,) 
overlaps  those  of  Abd  Mns,44  the  probability  of  a  null  point  around  the  center  of 
gaze  would  result  from  a  reciprocal  inhibitory  and  excitatory  afferent  conver¬ 
gence  onto  target  cells.  Thus,  we  actually  wonder  how  the  above  problem  is 
solved  by  a  direct  integrator  output  connection  to  the  extraocular  motor  nuclei. 
One  interesting  explanation  would  be  a  bilateral,  asymmetrically  organized 
excitatory  influence  directly  onto  motoneurons  (also  vestibular  and  prepositus) 
but  close  interaction  with  a  reciprocally  organized  inhibitory-excitatory  connec¬ 
tion  (i.e.,  like  the  VOR).  Such  connections  would  imply  that  inhibition  of 
antagonist  motoneurons  (and  vestibular  neurons)  is  indirectly  relayed  through 
the  integrator.  In  fact,  the  above  organization  is  compatible  with  pathways  to  the 
medial  rectus  subdivision,  including  the  activity  of  internuclear  neurons  in  the 
abducens  nucleus.  Thus  we  conclude  that  the  prepositus  may  provide  a  separate 
source  of  E  and  Ep  to  motoneurons,  as  shown  in  Figure  2.  In  fact,  the  latter 
argument  appears  to  be  necessary  on  the  basis  of  “exclusion”  (i.e.,  all  other 
sources  of  neurons  projecting  to  the  abducens  nucleus  have  been  identified,  and 
their  signals  assessed).  However,  in  view  of  the  sparse  synaptic  density  of  the 
vestibular  and  certainly  of  the  prepositus  terminations  in  the  abducens  nucleus 
(R.  Spencer,  unpublished),  it  still  seems  to  be  more  desirable  to  have  an 
additional  source  of  cells  available  in  the  posterior  brain  stem  to  provide  the 
above  function.  None  of  these  problems  will  be  resolved  until  the  individual 
prepositus  neurons  are  identified  as  to  their  eye-movement-related  signal  and 
the  pattern  of  their  synaptic  connectivity  is  established  in  the  alert  cat,  as  has 
been  done  for  the  identified  second-order  vestibular  neurons.54975 

Although  the  location  of  the  “integrator”  presumably  has  been  narrowed  to 
the  prepositus  nucleus,  its  intrinsic  operation  remains  a  mystery.  Central  process¬ 
ing  in  a  simple  structure  (E  —  E)  has  been  discussed  by  Robinson  and  in  a  more 
complex  integrator  (storage  of  E)  by  Raphan  and  Cohen.5805  Given  the  cytoarchi- 
tectronic  diversity  of  the  prepositus,249  it  is  reasonable  to  conclude  that  there  is  a 
suitable  morphological  substrate  for  any  of  the  above  functions,  and  more.  The 
addition  of  some  analytical  concepts  with  the  neuronal  connections  discussed 
herein  hopefully  will  focus  future  research  in  the  direction  of  the  prepositus,  as  it 
may  be  the  key  for  understanding  not  only  the  VOR  but  also  all  other  types  of  eye 
movements. 
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Two  main  events  take  place  in  abducens  motoneurons  at  the  quick  phase  of 
vestibular  nystagmus.  One  is  the  high-frequency  bursts  of  agonist  abducens 
motoneurons,  which  results  in  a  quick  ipsilateral  deviation  of  the  eye.  The  other 
event  is  the  abrupt  cessation  of  firing  of  the  contralateral  abducens  motoneurons, 
which  results  in  termination  of  the  slow  phase  to  the  opposite  side.  In  the  normal 
human  and  animal,  these  events  are  highly  coordinated  and  synchronous. 

The  high-frequency  discharge  in  the  agonist  motoneurons  could  be  caused  by 
several  groups  of  neurons.  Several  classes  of  neurons  in  the  medial  pontine 
reticular  formation  (PRF)  that  discharge  in  bursts  have  been  suggested  to  provide 
the  necessary  excitatory  drive.'"3  Recently  Igusa  et  al.  have  shown  that  certain 
pontine  medium-lead  burst  neurons  make  monosynaptic  connections  with 
neurons  in  the  ipsilateral  abducens  nucleus.4  Monosynaptic  Vc  axons  in  the 
abducens  nucleus,  whose  cell  bodies  lie  in  the  opposite  vestibular  nucleus,  do 
have  rhythmic  discharges  with  nystagmus;  but  they  usually  begin  to  fire  several 
milliseconds  after  the  abducens  motoneurons  begin  abrupt  depolarization,  which 
ushers  in  the  spike  burst.5  Monosynaptic  Vi  neurons,  inhibitory  neurons  in  the 
ipsilateral  vestibular  nucleus,  do  cease  firing  at  the  quick  phase  and  result  in 
disinhibition,s'6  but  active  excitation  appears  to  be  a  more  powerful  influence. 

Termination  of  the  discharge  of  abducens  motoneurons  responsible  for  the 
slow  phase  of  vestibular  nystagmus  is  brought  about  by  burst  inhibitory  neurons 
(BINs),  premotor  neurons  that  are  predominantly  located  caudal  to  one  abducens 
nucleus  and  that  terminate  on  contralateral  abducens  motoneurons  and  possibly 
abducens  interneurons.  These  neurons  have  been  demonstrated  to  be  inhibi¬ 
tory.7*  Which  neurons  regulate  the  behavior  of  BINs?  Suggestions  have  been 
made  that  pause  neurons  (PNs),  a  class  of  neurons  that  fire  tonically  but  cease 
firing  just  prior  to  a  quick  eye  movement  in  any  direction,  play  a  role  in 
regulating  saccadic  discharges  of  eye  motoneurons.2,9 

The  present  paper  analyzes  the  firing  patterns  of  a  number  of  groups  of 
pontine  reticular  formation  neurons  in  relation  to  vestibular  nystagmus  in  the  cat 
and  analyzes  the  behavior  of  neural  firing  at  the  quick  phase. 
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Methods 

Adult  cats  were  anesthetized  with  halothane  and  were  placed  in  a  stereotaxic 
frame,  which  was  angulated  20°  nose  down  and  placed  in  the  center  of  a 
turntable.  Using  an  orbital  approach,  the  abducens  nerve  and  medial  rectus 
portion  of  the  third  nerve  were  dissected  free  and  mounted  on  Ag-AgCl 
electrodes  for  recording  compound  action  potentials.  The  floor  of  the  fourth 
ventricle  was  exposed  by  aspirating  the  midline  cerebellum.  In  some  animals,  a 
bipolar  stimulating  electrode  made  of  80-/im  wire  was  inserted  stereotaxically 
into  the  flocculus.  Stainless-steel  screw  electrodes  were  placed  in  the  skull  over 
the  anterior  cerebral  cortex  for  monitoring  electroencephalographs  (EEG).  A 
bilateral  pneumothorax  was  performed  to  reduce  brain  pulsations.  Arterial  blood 
pressure  and  heart  rate  were  continuously  monitored  via  a  femoral  arterial 
catheter.  All  wound  edges  and  pressure  points  were  infiltrated  with  1%  procaine, 
and  the  animal  was  immobilized  by  intravenous  gallamine  triethiodide  (Flaxe- 
dil).  The  halothane  was  discontinued  at  least  two  hours  before  recording  started. 

Local  anesthesia  was  maintained  by  repeated  administration  of  procaine 
throughout  the  experiment.  Maintenance  of  a  pain-free  condition  was  judged  by 
observing  changes  in  heart  rate,  blood  pressure,  pupillary  size,  and  EEG  at 
rest.6-'0"14  The  animals  were  considered  to  be  comfortable  when  the  heart  rate  was 
regular  and  in  a  range  from  140-180/minute,  the  blood  pressure  stable  in  the 
100-160  mg  of  mercury  range,  the  pupil  of  the  remaining  eye  either  slitlike  or  in 
mid-dilation,  and  the  EEG  showing  5-7/second  activity  with  infrequent  3- 
4/second  spindles.  These  precautions,  plus  the  considerable  personal  experience 
of  one  of  us  (CHM)  during  human  neurosurgical  procedures  performed  under 
only  local  anesthesia,  plus  consultations  with  neurosurgeons  and  ophthalmolo¬ 
gists  on  operations  done  under  local  anesthesia,  give  us  further  evidence  that  the 
present  experiments  were  conducted  in  a  humane  and  pain-free  state. 

Horizontal  vestibular  nystagmus  in  both  directions  was  induced  by  manual 
oscillation  of  the  turntable.  In  some  animals,  regular  nystagmus  in  one  direction 
was  elicited  by  destruction  of  one  labyrinth.  In  most  experiments,  the  vision  of 
the  remaining  eye  was  blocked  by  holding  the  eyelid  closed  with  a  moist  bit  of 
cotton. 

Stimulation  of  the  brain  stem  was  carried  out  with  shielded  glass  micropi¬ 
pettes  filled  with  2  M  NaCl  and  Fast  Green  FCF  dye  and  having  0. 5-1.0  megohm 
impedance,  and  occasionally  with  fine-wire  bipolar  electrodes.  All  electrical 
stimuli  consist  of  0.1-msecond  rectangular  pulses.  When  the  glass  microelec¬ 
trodes  were  used  for  stimulation,  cathodal  currents  of  less  than  40  and  usually 
around  20  nA  were  used. 

Recording  of  extracellular  spikes  was  carried  out  with  glass  micropipettes 
filled  with  2  M  NaCl  solution  saturated  with  Fast  Green  FCF  dye  (with  1-2 
megohm  resistance).  Intracellular  recording  was  performed  with  glass  electrodes 
containing  3  M  KC1  or  2  M  K-citrate  and  had  resistance  of  10-20  megohms. 
Extracellular  unitary  spikes  and  the  compound  action  potentials  of  abducens  and 
medial  rectus  nerves  were  recorded  with  single-ended  a.c.  amplifiers  (1- 
msecond  time  constant).  Intracellular  potentials  were  recorded  using  d.c.  ampli¬ 
fiers  (1-msecond  time  constant).  These  potentials  were  led  to  oscilloscopes  and 
either  were  photographed  on  Polaroid  film  or  were  recorded  on  motion-picture 
film. 

Recording  and  stimulation  sites  in  the  brain  stem  were  marked  by  electropho¬ 
retic  injection  of  Fast  Green  FCF  dye.  Electrolytic  lesions  were  made  in  the 
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flocculus.  Histological  examination  was  carried  out  on  Nissl-stained  serial 
sections  50  /im  thick. 


Results 

The  identification  and  classification  of  brain  stem  neurons  related  to  eye 
movement  depend  on  (1)  the  presence  of  brisk  normal  nystagmus  for  eye 
movements  in  which  the  end  of  the  slow  phase  and  the  beginning  of  the  quick 
phase  are  abrupt.  This  depends  on  the  cat  being  alert  and  pain  free.  (2)  It  is 
important  to  have  an  accurate  indicator  of  eye  movement.  We  have  chosen  to  use 
the  compound  action  potentials  of  the  eye  motor  nerves.  Precision  of  timing  is 
particularly  important  for  analyzing  eye-movement-related  neurons  intracellu- 
larly.  (3)  Neural  events  can  be  related  to  the  moment  of  abrupt  termination  of 
abducens  or  medial  rectus  nerve  activity  at  the  end  of  the  slow  phase,  these 
indicating  the  onset  of  postsynaptic  potentials  (PSPs)  in  abducens  motoneurons.6 
(4)  Extracellular  spikes  of  single  neurons  were  distinguished  from  axonal 
responses  because  the  spikes  had  a  negative  polarity  with  an  inflection  on  the 
rising  phase  and  a  decline  in  height  during  repetitive  discharge,15 16  and  because 
the  neuron  could  be  recorded  from  while  the  micromanipulator  was  manipu¬ 
lated  over  a  100-200  nm  range. 

Neurons  were  examined  in  an  area  from  immediately  caudal  to  the  abducens 
nucleus  to  rostral  to  the  trochlear  nucleus  and  from  the  midline  to  about  2  mm 
lateral.  The  main  area  explored  was  from  midline  to  0.75  mm  lateral,  since  this  is 
where  most  of  the  nystagmus-related  units  were  found.  Over  300  nystagmus- 
related  units  were  examined.  These  could  be  classified  as  medium-lead  burst 
neurons,  long-lead  burst  neurons,  burst-tonic  neurons,  pause  neurons,  and  tonic 
neurons  (just  one  of  the  last  was  found)  using  the  terminology  of  Luschei  and 
Fuchs  and  Keller.23  Burst  inhibitory  neurons  (BINsf  also  were  examined. 

Before  discussing  the  behavior  of  the  neurons,  it  is  instructive  to  see  their 
locations.  As  may  be  seen  in  Figure  1,  long-lead  burst  and  two  types  of 
medium-lead  burst  neurons  are  closely  intermingled  and  lie  in  the  nucleus  of  the 
raphe  in  the  central  division  of  the  tegmental  reticular  nucleus,  which  corre¬ 
sponds  to  the  nucleus  reticularis  tegmenti  pontis,  and  in  the  most  medial  part  of 
the  gigantocellular  tegmental  field  (FTG).  Burst-tonic  units  typically  were  found 
in  a  localized  area  of  the  dorsal  median  reticular  formation  close  to  and 
sometimes  within  the  medial  longitudinal  fasciculus  (MLF),  and  clearly  dorsal  to 
the  burst  units.  Pause  units  all  were  encountered  within  a  narrow  strip  between 
the  midline  and  0.5  mm  lateral,  most  being  concentrated  at  the  rostral  pole  of  the 
abducens  nucleus  in  a  small  region  of  the  nucleus  raphe  pontis. 


Medium-Lead  Burst  Units 

Ninety-one  of  269  units  were  medium-lead  burst  units  related  to  horizontal 
vestibular  nystagmus.  Thirty  of  these  units  fired  high-frequency  bursts  of  spikes 
specifically  at  the  quick  phase  of  nystagmus  directed  to  the  ipsilateral  side.  These 
were  therefore  called  medium-lead  unidirectional  burst  units.  Figure  2A-1 
shows  a  typical  unit.  When  the  quick  phase  was  directed  to  the  ipsilateral  side 
(first  two  and  last  two  beats),  this  neuron  fired  bursts  of  spikes  at  the  time  of  the 
quick  inhibitory  phase  of  the  contralateral  abducens  nerve  (Figure  2A-2)  and  at 
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the  raphe;  FTG,  gigantocellular  tegmental  field;  RP,  nucleus  raphe  pontis;  TRC.  central  division  of  nucleus  reticularis  tegmenti  poni 
pyramidal  track;  TB,  trapezoid  body;  VI,  abducens  nucleus  and  nerve,  projected  into  the  plane  of  this  section. 
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the  quick  excitatory  phase  of  the  contralateral  medial  rectus  nerve  (Figure  2A-3). 
It  was  completely  silent  during  nystagmus  in  the  opposite  direction  (middle  two 
beats).  The  onset  of  bursts  preceded  the  abrupt  cessation  of  slow-phase  abducens 
nerve  discharge  by  3.4  mseconds  ±  5.2,  n  =  7.  The  burst  onset  clearly  preceded 
the  medial  rectus  discharge  at  the  quick  phase  by  about  8  mseconds  on  the 
average.  In  order  to  actually  compare  this  with  the  start  of  the  quick  movement  of 
the  eyeball,2-3  one  can  add  about  5  mseconds,  giving  a  total  of  13  mseconds.  This  is 
approximately  the  lead  found  in  medium-lead  burst  neurons  in  the  monkey  PRF 
(7-12  mseconds).2  Figure  2B  shows  the  firing  pattern  of  7  units  in  this  category. 
The  duration  of  bursts  was  60-100  mseconds.  Most  units  fired  with  a  maximum 
firing  frequency  of  around  400/second. 

Sixty-one  units  were  medium-lead  bidirectional  burst  units,  so  named 
because  they  fired  a  burst  at  quick  phase  of  nystagmus  in  both  directions  and 
were  silent  or  fired  sporadically  during  the  slow  phase  of  nystagmus.  They  were 
silent  when  there  was  no  nystagmus  present.  In  other  respects,  their  bursting 
characteristics  were  similar  to  the  unilateral  type. 


Long-Lead  Burst  l/nits 

Seventy-one  of  269  units  fell  in  this  category.  All  these  units  exhibited  a  burst 
of  firing  related  only  to  the  quick  phase  directed  to  the  ipsilateral  side.  Fifty  of 
these  units  responded  with  a  clear-cut  burst  and  usually  were  silent  during  the 
period  before  and  after  the  burst.  Figure  3A-1  shows  the  firing  pattern  of  a  unit  of 
this  type  during  nystagmus  in  both  directions,  which  is  indicated  by  the  rhythmic 
alteration  of  activity  of  the  contralateral  abducens  (FIGURE  3A-2)  and  the  medial 
rectus  nerves  (Figure  3A-3).  The  firing  pattern  of  15  of  these  neurons  related  to 
the  ipsilateral  quick  phase  is  shown  graphically  in  FIGURE  3C.  The  bursts  started 
17.8  mseconds  ±  6.9  (standard  deviation)  before  the  end  of  the  slow-phase  nerve 
discharge.  The  mean  latency  is  shown  by  the  small  arrowhead  on  the  x-axis,  and 
time  zero  corresponds  to  the  end  of  the  slow  phase.  The  duration  of  the  burst 
usually  was  40-80  mseconds,  and  the  maximum  firing  rate  typically  was  200-400 
spikes/second. 

The  remaining  21  units  in  the  long-lead  burst  category  showed  a  prelude  of 
firing  before  the  burst  itself  (Figure  3B-1),  as  has  been  reported  in  the  monkey.2-3 
The  prelude  in  the  8  neurons  shown  in  Figure  3D  started  45.3  mseconds  ±  25.2 
before  the  end  of  the  slow-phase  nerve  discharge.  The  burst  itself  resembled 
very  closely  the  bursts  in  the  long-lead  neurons  without  preludes. 


Burst-Tonic  Units 

Sixty-six  of  68  units  in  this  category  exhibited  tonic  firing  during  the  slow 
phase  to  the  contralateral  side  and  a  burst  of  spikes  during  the  quick  phase  in  the 
same  direction.  When  the  nystagmus  was  absent,  they  fired  tonically  and  had 
discharge  rates  related  to  eye  nerve  discharge  activity.  During  horizontal  rotation 
of  the  turntable,  these  units  respond  in  a  type  I  fashion  (increase  in  firing  rate 
during  ipsilateral  angular  acceleration  and  decrease  during  contralateral  accel¬ 
eration).  Only  2  burst-tonic  units  discharged  during  ipsilaterally  directed  eye 
movements.  They  showed  a  type  II  response  to  turntable  rotation. 

Most  burst-tonic  units  were  close  to  or  even  within  the  MLF.  Thus,  on  the 
basis  of  firing  pattern  alone,  they  could  be  mistaken  for  axons  of  internuclear 
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neurons  of  the  abducens  nucleus  in  their  ascending  path  to  the  oculomotor 
nucleus.  The  burst-tonic  neurons  discussed  here  fulfilled  the  criteria  of  cell  body 
responses  as  noted  in  an  earlier  section  of  this  paper. 


Pause  Units 

Thirty-nine  of  269  units  were  in  this  category.  They  exhibited  a  steady 
discharge  during  the  slow  phase  in  both  directions  and  ceased  firing  slightly  prior 
to  and  during  the  quick  phases  in  both  directions.  Figure  4A-1  shows  the 
discharge  pattern  of  one  of  these  units.  During  the  slow  phase  in  either  direction, 
pause  units  typically  maintained  a  fairly  steady  firing  rate  of  150-200  spikes/ 
second  (Figure  4B  and  C).  The  tonic  firing  in  the  slow  phase  abruptly  ceased  12.9 
mseconds  ±  4.5,  n  -  9,  prior  to  the  end  of  the  slow  phase  in  the  contralateral 
direction  and  13.6  ±  7.6,  n  -  9,  prior  to  the  end  of  the  slow  phase  in  the  ipsilateral 
direction.  At  rest  in  the  absence  of  nystagmus  and  during  rotation  that  induced 
only  spindlelike  eye  nerve  discharges,  most  of  the  pause  units  displayed  a  quite 
regular  firing  independent  of  the  amplitude  of  the  nerve  discharge. 


Miscellaneous  Units 

A  number  of  nystagmus-unrelated  units  were  found,  most  of  which  showed  a 
type  I  response  to  rotation.  Only  one  unit  had  its  firing  rate  clearly  related  to  eye 
position  and  could  be  classified  as  a  tonic  unit.  Its  firing  rate  was  proportional  to 
the  amplitude  of  the  contralateral  abducens  nerve  discharge  directed  to  the 
contralateral  side  but  was  not  related  to  any  quick-phase  discharge. 


Comparison  of  Firing  Patterns  of  PRF  Units  and  Identified  Premotor  Neurons 

The  firing  pattern  of  each  category  of  PRF  units  described  above  was 
compared  to  the  firing  pattern  of  abducens  motoneurons  (n  -  4),  internuclear 
neurons  of  the  abducens  nucleus  (n  -  3),  and  BINs  (n  «  5).  Abducens  motoneu¬ 
rons  were  identified  by  being  antidromically  activated  from  the  abducens  nerve, 
abducens  internuclear  neurons  by  being  antidromically  activated  by  a  bipolar 
fine-wire  electrode  placed  in  the  contralateral  MLF,  and  BINs  by  their  location 
and  characteristic  firing  pattern.7 

Figure  5  shows  the  mean  firing  rate  of  PRF  units  in  each  category.  The 
averages  were  obtained  from  5-15  units.  The  compound  action  potentials  of 
ipsilateral  abducens  and  medial  rectus  nerves  associated  with  nystagmus  are 
shown  schematically  at  the  top  of  the  figure.  Vertical  lines  indicate  the  end  of 
slow-phase  discharge  of  the  abducens  or  medial  rectus  nerves.  Careful  perusal  of 
the  figure  allows  speculation  on  which  of  these  neuronal  groups  might  influence 
another  and  has  led  to  some  of  the  experiments  discussed  below. 


Projection  of  PRF  Neurons  to  the  Abducens  Nucleus 

A  number  of  physiologically  identified  PRF  units  were  studied  during 
electrical  stimulation  of  the  ipsilateral  abducens  nucleus.  These  consisted  of  22 
long-lead  burst,  12  medium-lead  unidirectional  burst,  18  medium-lead  bidirec- 
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I.  4  for  the  abducens,  and  3  for  the  internuclear  neuron  diagrams  respectively. 
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tional  burst,  16  burst-tonic,  29  pause,  and  28  PRF  units  that  responded  to  angular 
acceleration  but  whose  firing  patterns  were  not  related  to  nystagmus.  Stimulation 
was  applied  through  fine-wire  bipolar  electrodes  or  monopolarly  with  a  glass 
microelectrode  placed  in  the  abducens  nucleus.  In  both  cases,  the  electrode  tip 
was  positioned  by  monitoring  the  antidromic  field  potential  in  response  to 
stimulation  of  the  abducens  nerve.  The  site  of  the  stimulating  electrode  was 
verified  later  by  histological  examination.  Of  all  the  PRF  units  with  firing 
patterns  related  to  nystagmus,  only  two  long-lead  burst  neurons  were  antidromi- 
cally  evoked  from  the  abducens  nucleus.  Figure  6  shows  the  response  to  single 
shock  stimulation  in  the  ipsilateral  abducens  nucleus,  the  site  being  indicated  by 
a  dot  surrounded  by  a  circle  in  Figure  6C.  The  spikes  had  a  fixed  latency  of  0.5 
msecond  and  fired  in  an  all-or-none  fashion  at  threshold  intensity.  They 


Ficure  6.  The  response  of  a  long-lead  burst  unit  to  microstimulation  of  the  ipsilateral 
abducens  nucleus.  A  and  B,  responses  to  single  shock  stimulation  at  threshold-straddling 
intensity  (A)  and  double  shocks  at  suprathreshold  intensity  (B)  of  the  abducens  nucleus, 
stimulation  site  being  shown  by  a  large  dot  surrounded  by  a  circle  in  C.  C,  current 
thresholds  obtained  on  systematic  tracking  in  and  around  the  abducens  nucleus.  VI, 
abducens  nucleus;  VII  N,  facial  nerve;  MLF,  medial  longitudinal  fasciculus. 


followed  double  shocks  at  short  intervals  of  0.9  msecond  (Figure  6B).  These 
results  indicate  that  the  response  was  induced  antidromically.  Activation  of  the 
unit  was  studied  further  by  systematic  tracking  with  the  stimulating  electrode  in 
and  around  the  abducens  nucleus  (Figure  6C).  The  electrode  was  advanced  in  a 
dorsal-ventral  direction  in  100-jim  steps.  The  threshold  current  at  each  step  was 
measured  and  is  represented  by  circles  of  graded  size.  Low-threshold  foci  were 
separated  by  noneffective  sites  or  intermingled  with  higher-threshold  foci, 
suggesting  that  the  axon  branched  in  this  region.  The  cell  body  of  this  long-lead 
burst  unit  was  within  the  distribution  of  similar  units  as  shown  in  Figure  1. 

No  medium-lead  burst  units  could  be  shown  to  project  to  the  abducens 
nucleus.  It  should  be  noted  that  all  the  units  specifically  tested  lay  within  0.75 


200 


Annals  New  York  Academy  of  Sciences 


mm  of  midline.  However,  Igusa,  Sasaki,  and  Shimazu  clearly  demonstrated  that 
some  medium-lead  unidirectional  burst  neurons  made  monosynaptic  connection 
with  neurons  in  the  ipsilateral  abducens  nucleus.17  The  neurons  in  that  study 
were  located  about  1.5  mm  from  the  midline,  outside  of  the  area  we  explored 
intensively. 

Many  PRF  neurons  that  did  not  fire  in  relation  to  nystagmus  could  be 
antidromically  activated  by  microstimulation  of  the  ipsilateral  abducens  nucleus. 
Several  were  examined  with  systematic  tracking  of  the  stimulating  microelec¬ 
trode  within  the  abducens  nucleus  and  showed  current  thresholds  consistent 
with  axonal  branching.  These  neurons  were  in  a  fairly  well  localized  area  at  the 
rostral  pole  of  the  nucleus  reticularis  pontis  caudalis  and  the  tail  of  the  nucleus 
reticularis  oralis.  Most  of  these  neurons  had  a  weak  type  I  response  to  rotation. 


Projection  to  the  Flocculus 

In  endeavoring  to  find  structures  that  might  be  influenced  by  the  numerous 
eye-movement-related  PRF  neurons,  we  examined  the  flocculus.18  This  was  not 
unreasonable,  since  the  flocculus  has  an  important  role  in  the  vestibulo-ocular 
reflex  and  single-unit  studies  of  flocculus  Purkinje  cells,  interneuron  fibers,  and 
mossy  fibers  during  saccades  and  vestibular  nystagmus  have  shown  various 
firing  patterns  in  relation  to  rapid  eye  movement.19  22  Further,  there  is  some 
anatomic  evidence  for  projection  from  the  PRF  to  the  flocculus.23  25 

Figure  7  shows  the  discharge  pattern  of  a  bidirectional  medium-lead  burst 
neuron.  Figure  7A-1  shows  the  discharge  pattern  of  the  neuron  during  nystag¬ 
mus  in  both  directions.  On  stimulation  of  the  ipsilateral  flocculus,  spikes  were 
evoked  at  a  fixed  latency  of  0.7  msecond  in  an  all-or-none  fashion  at  threshold 
intensity  (Figure  7B).  The  spikes  followed  double  shocks  with  an  interval  of  1.3 
mseconds  (Figure  7C).  Collision  testing  (not  shown)  confirmed  the  antidromic 
activation  of  this  neuron  from  the  ipsilateral  flocculus.  Figure  7D,  E,  and  F  show 
the  results  of  collision  testing  on  another  medium-lead  burst  neuron.  Spikes  of 
this  neuron  were  evoked  from  ipsilateral  flocculus  stimulation  with  a  latency  of 
1.6  mseconds  (Figure  7D).  The  oscilloscope  was  triggered  by  spontaneous  spikes, 
and  stimulation  of  the  ipsilateral  flocculus  was  delivered  at  various  intervals 
after  the  spontaneous  spikes.  The  shortest  interval  between  the  spontaneous 
spikes  and  evoked  spikes  was  4.2  mseconds  (Figure  7F).  This  value  was  much 
longer  than  the  refractory  period  of  the  neuron  determined  by  double  shocks  to 
the  flocculus— 1.1  mseconds  (Figure  7E).  These  results  exclude  the  possibility  of 
orthodromic  activation  of  the  neuron  by  flocculus  stimulation  and  strongly 
suggest  that  the  activation  was  antidromic.  The  sum  of  the  orthodromic  (1.6 
mseconds)  plus  antidromic  (1.6  mseconds)  conduction  times,  plus  refractory 
period  of  the  neuron  (1.1  mseconds),  was  4.3  mseconds,  approximately  the  value 
of  the  shortest  collision-test  interval.  No  PRF  neuron  was  activated  synaptically 
by  flocculus  stimulation,  suggesting  that  stimulation  was  localized  within  the 
flocculus.  The  sites  of  stimulation  were  marked  by  electrolytic  lesion  and  later 
confirmed  histologically. 

Antidromic  activation  from  the  ipsilateral  flocculus  was  demonstrated  for  9 
medium-lead  burst  neurons  of  both  ipsilateral  and  bilateral  discharging  types;  for 
5  long-lead  burst  neurons;  for  8  burst-tonic  neurons;  and  for  15  other  PRF 
neurons  that  were  unrelated  to  horizontal  vestibular  nystagmus  but  some  of 
which  showed  a  type  1  response  to  horizontal  turntable  rotation.  A  few  neurons 
of  the  above  types  also  were  activated  by  stimulating  the  contralateral  flocculus. 
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It  is  noteworthy  that  no  pause  neurons  were  activated  by  stimulating  either  the 
ipsilateral  or  contralateral  flocculus. 


Projection  of  Inhibitory  Pause  Neurons  to  Burst  Inhibitory  Neurons 

Extracellular  spike  activities  of  PNs  and  BINs  during  vestibular  nystagmus 
were  directly  compared.  See  Figure  8  and  the  appropriate  parts  of  Figure  5. 
When  there  was  horizontal  vestibular  nystagmus  with  quick  phase  in  the 
ipsilateral  direction,  a  given  pause  neuron  exhibited  a  tonic  discharge  during  the 


trace 


Figure  7.  Discharge  pattern  during  vestibular  nystagmus  and  activation  by  ipsilateral 
flocculus  stimulation  of  medium-lead  burst  neurons.  A,  simultaneous  recording  of  extracel¬ 
lular  spike  potentials  of  a  medium-lead  bidirectional  burst  neuron  (1)  and  discharges  of  the 
contralateral  abducens  (2|  and  medial  rectus  (3)  nerves  during  nystagmus.  B  and  C  were 
recorded  from  the  same  neuron  as  in  A,  while  D  to  F  show  responses  of  another  neuron  to 
ipsilateral  flocculus  stimulation.  B  and  D,  responses  to  single  shock  stimulation  at  thresh¬ 
old-straddling  intensity.  C  and  E,  responses  to  double  shocks  at  suprathreshold  intensity.  F, 
collision  test  between  spontaneous  spikes  and  evoked  spikes  at  the  shortest  possible 
interval.  Stimulation  was  at  the  same  intensity  as  used  in  E.  (Repioduced  from  Reference 
18  with  permission  of  Elsevier/North  Holland  Biomedical  Press.) 


slow  phase  of  the  contralateral  abducens  nerve  (Figure  8A).  The  tonic  discharge 
of  the  PN  abruptly  stopped  10-20  mseconds  before  the  end  of  the  slow  phase.  In 
contrast,  the  BIN  emitted  a  high-frequency  burst  of  spikes  specifically  at  the 
quick  phase  coinciding  with  complete  suppression  of  abducens  nerve  activity. 
When  the  direction  of  nystagmus  was  reversed  (not  shown),  the  PN  maintained  a 
tonic  discharge  during  the  slow  phase  and  again  ceased  to  fire  10-20  mseconds 
before  the  end  of  the  slow  phase.  All  PNs  studied  ceased  firing  prior  to  the  quick 
phase  of  horizontal  nystagmus  in  either  direction.  In  Figure  8A,  the  BIN  was 
recorded  using  a  d.c.  amplifier.  It  may  be  seen  that  each  burst  of  spikes  occurred 
on  the  crest  of  a  negative  field  potential.  In  Figure  8B,  it  may  be  seen  that  the 
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onset  of  the  negative  field  potential  was  approximately  synchronous  with  the 
abrupt  cessation  of  the  tonic  discharge  of  the  PN.  This  temporal  relation  is  also 
seen  in  Figure  8C,  in  which  each  spike  of  the  PN  discharge  during  the  latter  part 
of  the  slow  phase  for  10  beats  of  nystagmus  is  represented  by  a  dot  and  a  vertical 
line  shows  the  onset  of  the  negative  field  potential.  Figure  8D  shows  the  average 
spike  frequency  of  this  PN  and  for  others  using  the  same  alignment  procedure. 

PNs  were  studied  during  microstimulation  of  the  ipsilateral  and  contralateral 
BIN  areas.  The  location  of  the  stimulating  electrode  in  the  BIN  area  was 
determined  by  prior  recording  of  the  activity  of  BINs  through  the  same  electrode. 
Figure  9A  shows  responses  of  a  PN  to  single  shock  stimulation  to  the  ipsilateral 
BIN  area  at  threshold-straddling  intensity  (12  mA).  The  evoked  spikes  had  a  fixed 
latency  of  0.7  msecond  occurring  in  an  all-or-none  fashion.  The  spikes  could 
follow  double  shocks  with  a  minimum  interval  of  1.5  mseconds  at  a  supra- 


Figure  8.  Temporal  relations  between  activity  of  PNs,  BINs,  and  extracellular  field 
potential  in  the  BIN  area.  A,  simultaneous  recording  of  a  PN,  a  BIN  recorded  using  a  d.c. 
amplifier,  and  compound  action  potential  of  the  contralateral  abducens  nerve  (CAN).  B, 
same  as  in  A  but  with  expanded  time  scale.  Vertical  broken  line  indicates  the  onset  of  the 
negative  field  potential.  C,  dot  display  of  spikes  of  another  PN  toward  the  end  of  the  slow 
phase  for  10  beats  of  nystagmus.  D,  spike-frequency  changes  of  5  PNs  at  the  end  of  the  slow 
phase.  The  time  0  on  the  abscissae  in  C  and  D  indicates  the  onset  of  the  negative  field 
potential  in  the  BIN  area. 


threshold  intensity,  and  the  second  spikes  also  had  a  fixed  latency  (Figure  9B).  A 
collision  test  was  performed,  with  the  oscilloscope  sweep  being  triggered  by 
spontaneous  PN  spikes  and  stimulation  of  the  ipsilateral  BIN  area  delivered  at 
decreasing  intervals  after  the  spontaneous  PN  spikes.  The  shortest  interval 
between  the  spontaneous  and  evoked  spikes  was  2.7  mseconds  (Figure  9C). 
These  results  indicate  that  the  activation  of  the  PN  was  antidromic. 

Antidromic  activation  of  PNs  was  studied  further  by  systematic  tracking  with 
stimulating  microelectrodes  in  and  around  the  ipsilateral  BIN  area  (Figure  9E 
and  F).  The  stimulating  electrode  was  advanced  from  the  surface  of  the  brain 
stem,  and  threshold  currents  for  antidromic  activation  of  single  PNs  were 
measured  at  lOO-jun  intervals.  Figure  9E  shows  the  threshold  distribution  for  one 
PN  when  the  brain  stem  was  explored  in  a  sagittal  plane,  while  Figure  9F  shows 
the  threshold  distributions  for  another  neuron  explored  in  transverse  section  P 
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7.5.  Figure  9G  shows  depth-threshold  curves  of  nine  PNs  tested  by  antidromic 
stimulation  in  the  ipsilateral  BIN  area.  The  distribution  of  effective  antidromic 
stimulation  sites  for  the  PNs  in  both  sagittal  and  transverse  planes  corresponds  to 
the  location  of  most  BINs.7  The  tracking  experiments  demonstrate  that  there  were 
low-threshold  foci  interposed  by  high-threshold  foci  and  indicate  that  PNs  have 
axon  branches  in  the  BIN  area. 

The  contralateral  BIN  area  was  studied  less  intensively  than  the  ipsilateral 
area  but  clearly  showed  effective  sites  intermingled  with  noneffective  sites, 
suggesting  that  axons  of  some  PNs  also  terminate  in  this  area.  No  PNs  were 
antidromically  activated  from  the  neighboring  MLF  or  abducens  nucleus  on 
either  side.  One  neuron  was  activated  antidromically  from  the  ipsilateral  pre- 
positus  hypoglossi  nucleus. 

The  effect  of  microstimulation  of  the  PN  area  on  spontaneous  discharges  of 
single  BINs  was  studied.  When  single  shocks  at  two  per  second  and  at  an 
intensity  of  30  /iA  were  applied  to  the  ipsilateral  PN  area,  spontaneous  spikes 
were  suppressed  for  15  to  20  mseconds  after  stimulation.  When  weak  repetitive 
stimulation  was  delivered  to  the  PN  area,  not  only  was  the  rhythmic  activity  of 
the  single  BIN  being  recorded  suppressed,  but  the  triangular-shaped  d;  charges 
of  the  abducens  nerve  indicating  the  presence  of  regular  nystagmus  were 
replaced  by  irregular  tonic  activity.  The  baseline  on  which  the  individual  BIN 
spikes  appeared  was  shifted  in  a  positive  direction  throughout  the  repetitive 
stimulation.  This  effect  was  limited  to  the  PN  area  as  shown  in  Figure  1.  For 
some  BINs,  the  similar  inhibitory  effects  were  produced  on  stimulation  of  the 
contralateral  PN  area. 

Intracellular  recording  from  a  BIN  is  shown  in  Figure  10.  In  Figure  10A,  the 
nystagmus  is  with  quick  phase  to  the  ipsilateral  side,  the  BIN  firing  near  the  end 
of  the  contralateral  abducens  nerve  discharge  (CAN).  The  membrane  potential 
revealed  rhythmic  changes  consisting  of  a  relatively  steep  depolarization  gener¬ 
ating  a  burst  of  spikes  at  the  quick  phase  and  a  tonic  hyperpolarization  during  the 
slow  phase.  In  Figure  10C,  the  onset  of  steep  membrane  depolarization  (vertical 
broken  line)  is  better  seen.  The  rhythmic  changes  of  the  membrane  potential  also 
are  shown  in  another  neuron  (Figure  10D  and  E)  in  which  the  spike-generating 
mechanism  has  deteriorated. 

Microstimulation  of  the  ipsilateral  PN  area  (20  mA)  induced  a  hyperpolarizing 
potential  with  a  latency  of  0.9  msecond  in  the  BIN  shown  in  Figure  10F.  When 
the  recording  electrode  was  withdrawn  from  the  cell,  a  small  positive  field 
potential  was  produced  at  about  the  same  latency  (Figure  10G).  In  25  BINs,  the 
mean  latency  of  hyperpolarization  was  1.04  mseconds  (Figure  10H).  The  mean 
latency  for  antidromic  stimulation  of  PNs  from  the  ipsilateral  BIN  area  was  0.75 
mseconds  (see  Figure  9D).  The  difference  between  the  mean  synaptic  and 
antidromic  latencies,  namely,  0.29  msecond,  is  explained  as  a  single  synaptic 
delay.  Similar  results  were  seen  in  a  few  BINs  on  stimulating  the  contralateral 
PN  area. 

Electrophoretic  injection  of  chloride  ions  Cl"  into  BINs  during  intracellular 
recording  inverted  the  hyperpolarization  as  shown  in  Figure  10F  to  a  depolariz¬ 
ing  potential  (not  shown).  Under  the  condition  of  Cl"  injection,  membrane- 
potential  changes  were  studied  during  vestibular  nystagmus.  In  nystagmus  with 
quick  phase  to  the  ipsilateral  side,  the  previously  observed  hyperpolarizations 
during  the  slow  phase  were  inverted  to  depolarization.  Further,  when  the 
direction  of  nystagmus  was  reversed,  the  membrane  potential  during  the  slow 
phase  could  now  be  seen  to  be  at  a  more  depolarized  level  than  at  the  quick 
phase.  These  results  suggest  that  BINs  are  directly  inhibited  by  inhibitory 
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postsynaptic  potentials  (IPSPs)  from  the  PN  area  during  the  slow  phase  of 
nystagmus  in  both  directions. 


Discussion 

A  number  of  studies,  largely  in  the  monkey,  have  shown  that  the  medial 
pontine  reticular  formation  (PRF)  is  important  in  rapid  horizontal  eye  move¬ 
ments.1  A  small  lesion  in  the  PRF  profoundly  affects  saccades  and  quick  phases 
of  vestibular  and  optokinetic  nystagmus  in  the  horizontal  plane  and  produces 
paralysis  of  conjugate  gaze  to  the  ipsilateral  side.2827  Electrical  stimulation 
produces  horizontal  eye  movements  with  a  short  latency  directed  to  the  ipsi¬ 
lateral  side,  except  for  a  limited  midline  region  rostral  of  the  abducens  nucleus, 
which,  when  stimulated,  inhibits  all  eye  movements.2,28,29  PRF  neurons  exhibit 
various  patterns  of  firing  related  to  visual  or  vestibular-induced  rapid  eye  move¬ 
ments,1'3,30  and  these  have  been  classified  into  several  main  types:  burst  units, 
burst-tonic  units,  pause  units,  and  tonic  units. 

These  several  types  of  neurons  are  clearly  related  to  eye  movements,  particu¬ 
larly  saccades  and  quick  phase  of  vestibular  nystagmus.  But  what  do  they  do?  In 
recent  years,  a  considerable  speculative  literature  has  developed  on  what  these 
neurons  should  do  or  might  do.  As  specific  synaptic  relations  become  known  with 
the  same  clarity  that  exists  in  the  vestibular-eye  motoneuron  relations,  the  basic 
control  mechanisms  in  eye  movements  can  be  better  understood.  Three  recent 
major  steps  have  been  made  in  identifying  immediate  premotor  neurons  in  the 
PRF.  These  are  BINs,  most  of  which  are  clustered  caudal  to  the  abducens 
nucleus  and  directly  inhibit  contralateral  abducens  motoneurons;5  7  a  small  group 
of  medium-lead  excitatory  burst  neurons  that  terminate  on  ipsilateral  abducens 
motoneurons;17  and  internuclear  neurons  of  the  abducens  nucleus  terminating  on 
contralateral  medial  rectus  motoneurons.31'33  The  role  of  other  PRF  neurons  to 
eye  movement  has  to  be  approached  with  caution,  in  part  because  the  present 
study  shows  that  there  are  neurons  in  the  PRF  that  are  not  nystagmus  related  but 
that  terminate  in  the  abducens  nucleus. 

The  present  series  of  studies  was  directed  to  analysis  of  synaptic  events  in 
horizontal  nystagmus-related  PRF  nerves  in  the  cat  (see  Figure  5).  It  may  be 
surmised  that  there  are  several  ways  these  PRF  neurons  may  modulate  nystag¬ 
mus:  (1)  as  immediate  premotor  neurons;  (2)  providing  signals  equivalent  to  the 
activity  of  eye  motoneurons  to  the  PRF  and  other  structures  involved  in  eye 
movements  and  thus  serving  a  “corollary  discharge"  function;  (3)  projecting  to 
other  centers  concerned  with  the  precision  of  eye  movement,  such  as  the 
cerebellum;  and  (4)  directly  controlling  the  action  of  immediate  premotor 
neurons. 

In  the  group  of  long-lead  burst  neurons,  we  found  a  few  that  did  terminate  in 
the  abducens  nucleus  and  may,  therefore,  excite  motoneurons  and/or  internu¬ 
clear  neurons.  However,  proof  of  this  awaits  further  experimentation.  We  were 
surprised  to  find  that  none  of  the  medium-lead  burst  neurons  in  the  area  we 
explored  carefully  within  about  0.7  mm  of  the  midline  showed  terminal  branch¬ 
ing  patterns  in  the  abducens  nucleus.  This  does  not  alter  the  clear  observation  of 
Igusa  and  his  colleagues  that  medium-lead  unidirectional  neurons  lying  in  a 
cluster  about  1.5  mm  from  the  midline  made  monosynaptic  connections  with 
neurons  in  the  ipsilateral  abducens  nucleus.17 

Our  failure  to  find  tonic  neurons  may  be  related  to  our  search  techniques, 
which  depended  on  firing  patterns  closely  linked  to  nystagmus,  or  may  be  related 
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to  the  lack  of  proprioceptive  input  from  eye  muscles  in  our  Flaxedil-paralyzed 
preparations. 

When  we  examined  eye-movement-related  neurons  in  the  brain  stem 
projecting  to  the  flocculus,  we  fairly  easily  demonstrated  a  number  of  such 
neurons.  It  is  possible  that  the  relative  ease  of  finding  such  neurons  may  have 
some  bearing  on  their  number.  Be  that  as  it  may,  we  did  find,  using  antidromic 
identification,  that  burst-tonic  neurons  and  long-lead  and  medium-lead  burst 
neurons  projected  to  the  flocculus.  These  neurons  fell  in  the  general  distribution 
of  the  neurons  illustrated  in  Figure  1.  These  neurons  appear  to  be  the  cells  of 
origin  of  the  afferents  to  Purkinje  cells  recorded  by  Noda  and  Suzuki.34  It  should 
be  noted  that  we  found  no  pause  neurons  that  projected  to  the  flocculus. 

The  burst-tonic  units  in  the  PRF  exhibited  discharge  patterns  quite  similar  to 
type  IIB  neurons  in  the  prepositus  hypoglossi  nucleus.8  It  is  unlikely  that  PRF 
burst-tonic  units  are  premotor  neurons.  They  may  receive  excitatory  input  from 
the  abducens  nucleus,  probably  from  internuclear  neurons,  and  serve  as  a  source 
of  corollary  discharge  to  other  brain  stem  structures  involved  in  eye  movements. 
The  same  assumption  is  possible  for  prepositus  hypoglossi  neurons,  since  there  is 
evidence  that  abducens  interneurons  are  antidromically  activated  from  the 
prepositus  hypoglossi  nucleus.35 

We  can  conclude  on  the  following  grounds  that  pause  neurons  make  direct 
inhibitory  connections  with  BINs  and  produce  IPSPs  in  BINs  during  the  slow 
phase  of  vestibular  nystagmus: 

1.  There  were  positive  field  potentials  in  the  BIN  area  during  slow  phase. 

2.  PNs  were  antidromically  activated  from  the  BIN  areas  bilaterally. 

3.  Systematic  microstimulation  of  the  BIN  area  leading  to  antidromic  activa¬ 
tion  revealed  a  pattern  consistent  with  terminal  axonal  branching  in  the  BIN 
area. 

4.  Repetitive  microstimulation  of  the  PN  area  induced  a  positive  shift  in  the 
field  potential  in  the  BIN  area  and  suppressed  bursts  of  BINs  and  nystagmic 
activity  of  the  contralateral  abducens  nerve. 

5.  Microstimulation  of  the  PN  area  during  intracellular  recording  of  BINs 
induced  monosynaptic  latency  hyperpolarizing  potentials  that  could  be  reversed 
by  cr  injection. 

6.  During  intracellular  recording  from  BINs  during  vestibular  nystagmus  in 
either  direction,  the  membrane  potential  during  the  slow  phases  had  a  tonic 
hyperpolarization  that  was  shown  to  be  due  to  IPSPs  by  means  of  Cl  injection. 
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Understanding  of  the  mode  of  synaptic  transmission  between  the  vestibular 
type  I  hair  cell  and  its  primary  afferent  is  complicated  by  the  unusual  anatomical 
configuration  of  the  contact  between  the  hair  cell  and  afferent  ending.1451016 
Each  type  I  cell  is  surrounded  almost  completely  by  a  characteristic  expansion  of 
the  primary  afferent  that  has  been  termed  a  calyx  or  nerve  chalice.  Ultrastructur- 
al  descriptions  of  presynaptic  bars  or  ribbons  surrounded  by  synaptic  vesicles 
opposite  postsynaptic  membrane  thickenings  suggest  chemical  synaptic  transmis¬ 
sion,  but  these  structures  are  relatively  rare  in  type  I  cells.3611  Calculations  based 
upon  published  electron  micrographs  indicate  a  ratio  of  about  one  synaptic  body 
per  type  I  cell.11  Further,  in  mammals,  cytoplasmic  protrusions  of  the  calyx  are 
reported  to  invaginate  the  type  I  hair  cells.611 12 14  The  hair  cell  and  calyx  are 
separated  by  a  regular  extracellular  space  of  30-35  nm  with  the  exception  of  the 
sites  of  cytoplasmic  protrusions  from  the  calyx  into  the  hair  cell,  where  the  space 
decreases  to  6-7  nm.  This  "close”  apposition  of  membranes  in  the  invaginations 
is  significantly  greater  than  the  narrow  2-nm  intercellular  space  found  at  gap 
junctions  between  electrically  coupled  cells,  and  freeze-fracture  studies  have  not 
demonstrated  the  presence  of  typical  gap-junctional  particle  arrays  at  the 
calyceal  invaginations  or  elsewhere  along  the  hair  cell-calyx  apposition. 
Furthermore,  ultrastructural  studies  are  by  necessity  performed  on  nonliving 
tissue,  and  results  often  cannot  be  extrapolated  to  a  physiological  situation.  If,  for 
example,  the  type  I  hair  cell-afferent  synapse  were  structurally  labile,  the 
ultrastructural  correlates  of  chemical  transmission  might  not  be  observable  after 
routine  fixation  procedures.  Siegal  and  Brownell  have  demonstrated  that  synap¬ 
tic  bars  and  vesicles,  usually  absent  from  cochlear  outer  hair  cells,  are  present  in 
profuse  numbers  when  the  tissue  is  fixed  in  the  presence  of  a  high  concentration 
of  magnesium.2  However,  because  at  least  one  synaptic  bar  per  hair  cell  can 
usually  be  documented,  there  are  grounds  for  the  reasonable  supposition  of 
chemical  synaptic  transmission.  Nevertheless,  the  function  of  the  calyx  and  its 
reason  for  existence  still  remain  unclear.  With  this  background  in  mind,  we 
undertook  a  morphophysiological  study  with  intracellular  electrodes  loaded  with 
horseradish  peroxidase  to  record  from  the  vestibular  primary  afferents  that  are 
contacted  by  type  I  hair  cells. 

The  lizard  Caiotes  versicolor,  known  to  have  type  I  and  type  II  hair  cells,17 
was  selected  as  the  experimental  animal.  Lizards  were  spinalized,  artificially 
respired,  and  kept  warm.  The  base  of  the  ampulla  of  the  horizontal  semicircular 
canal  was  exposed  by  a  lateral  approach,  and  the  nerve  visualized.  Glass 
microelectrodes  were  filled  with  a  10%  solution  of  horseradish  peroxidase  (HRP) 

*To  whom  all  correspondence  should  be  addressed. 
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in  500  mM  KC1,  50  mM  tris  buffer  pH  7,  and  had  d.c.  resistances  of  100-150  Mff. 
Microelectrodes  were  inserted  into  the  horizontal  canal  nerve,  and  axons 
penetrated  at  the  level  of  the  basement  membrane.  Spontaneous  action  poten¬ 
tials  and  subsynaptic  activity  were  recorded;  no  mechanical  stimulation  has  been 
employed  to  date.  Upon  successful  penetration  and  recording,  depolarizing 
pulses  (60-150  nA  minutes  total)  were  passed  directly  through  the  microelec¬ 
trodes  to  fill  the  recorded  process  with  HRP.  Animals  survived  for  several  hours; 
labyrinths  were  perfused  with  a  buffered  mixed  aldehyde  fixative  and  reacted 
with  a  standard  diaminobenzidine,  cobalt-chloride  protocol  to  develop  the 
horseradish  reaction  product.  Labyrinths  were  embedded  in  epon,  and  2-u 
sections  cut  with  glass  knives  for  light  microscopy. 

Both  regular  and  irregular  units  were  recorded,  indicating  a  similarity  in  the 
spectrum  of  responses  for  this  labyrinth  to  that  of  others.  This  report  will  be 
limited  to  the  morphophysiology  of  irregular  fibers.  When  the  microelectrode 
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Figure  1.  Spontaneous  activity  recorded  from  the  primary  afferent  illustrated  in  Figure 
2.  Selected,  nonsequential  segments  of  action  potentials  and  subthreshold  activity.  Calibra¬ 
tions  as  indicated. 


penetrates  a  fiber  in  the  center  of  the  horizontal  canal  nerve,  a  resting  potential 
of  50  to  65  mV  negative  appears,  with  superimposed  action  potentials  irregularly 
spaced.  As  Figure  1  illustrates,  subthreshold  depolarizing  activity  is  also 
observed.  During  the  experiment,  the  impression  of  a  barrage  of  synaptic  activity 
similar  to  that  observed  at  the  neuromuscular  junction  or  at  other  synapses 
known  to  be  chemical  can  be  observed.  Subthreshold  activity  can  often  be  seen 
to  underlie  the  spontaneous  action  potentials  (Figure  1).  With  increased  record¬ 
ing  time,  the  action  potentials  decrease  in  number  and  finally  fail,  leaving  an 
unchanged  resting  potential  of  50-65  mV  with  substantially  unchanged  sub¬ 
threshold  activity.  Hyperpolarization  of  the  membrane  via  a  bridge  circuit  often 
leads  to  an  increase  in  the  amplitude  of  the  subthreshold  depolarizations. 
Records  illustrated  in  Figure  1  were  obtained  from  the  neuron  shown  in  Figure 
2.  Serial  sections  through  the  injected  neuron  demonstrate  that  it  is  a  multiple 
calyx  enveloping  five  type  I  hair  cells.  The  recording  site  (horizontal  arrow)  was 
within  a  few  microns  of  the  calyx.  No  type  II  cells  innervated  this  fiber.  In  every 
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case  so  far  studied,  nerve  fibers  with  irregular  activity  terminate  with  calyceal 
endings  in  the  cristae  and  are  innervated  by  type  I  hair  cells.  In  two  cases,  in 
addition  to  a  calyx  there  were  small  processes  originating  from  the  calyx  itself, 
which  traveled  through  the  sensory  epithelium  of  the  cristae  to  be  innervated  by 
type  II  cells. 

Although  the  frequency  and  pattern  of  the  subthreshold  activity  are  sugges- 


Figure  2.  Photomicrograph  through  the  crista  of  the  horizontal  semicircular  canal.  A 
calyx  and  primary  afferent  extending  toward  the  horizontal  canal  nerve  have  been  filled 
with  horseradish  peroxidase.  The  arrowhead  points  to  one  of  five  type  I  hair  cells 
innervating  the  recorded  primary  afferent.  The  arrow  points  to  the  recording  site. 


tive  of  chemical  synaptic  transmission,  the  shape  of  the  depolarizations  (post- 
synaptic  potentials,  PSPs)  is  not  typical  of  chemical  excitatory  postsynaptic 
potentials  (EPSPs)  in  that  the  rising  and  falling  phases  are  rather  symmetrical. 
This  can  be  interpreted  as  indicating  a  short  time  constant  of  the  calyceal 
membrane  resulting  in  a  very  rapid  decay  or  falling  phase  of  the  PSP.  Similar 
EPSPs  with  symmetrical  rising  and  falling  phases  can  be  seen  occasionally  in 
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central-nervous-system  neurons.  Such  symmetrical  PSPs  also  are  observed  when 
recording  goldfish  saccular  afferent  activity  in  response  to  a  moderately  high- 
frequency  sound.9 

Further  evidence  suggestive  of  chemical  transmission  can  be  gleaned  from  an 
experiment  in  which  records  were  taken  from  an  irregular  fiber  subsequently 
found  to  have  a  calyceal  terminal  innervated  by  a  single  type  1  hair  cell.  The 
records  were  virtually  identical  to  those  illustrated  in  Figure  1,  i.e.,  EPSPs  of 
varying  sizes  occurring  at  irregular  frequencies  were  recorded. 

Several  conclusions  can  be  drawn  from  these  experiments.  First,  every 
irregular  fiber  studied  to  date  terminates  in  a  calyx  that  is  innervated  by  type  I 
hair  cells,  although  some  may  have  branches  that  innervate  type  II  cells.  The 
records  from  a  single  calyceal  terminal  expansion  innervated  by  a  single  type  I 
hair  cell  are  particularly  revealing,  as  we  can  attribute  the  origin  of  all  of  the 
recorded  postsynaptic  activity  to  a  single  presynaptic  element.  In  that  case,  the 
amplitude  of  the  PSPs  varied  between  4  and  15  mV.  If  type  I  hair  cells  could 
generate  action  potentials  and  these  were  transmitted  electrotonically  to  the 
calyx,  presumably  all  postsynaptic  activity  would  be  of  uniform  amplitude  and 
not,  as  observed,  varying  over  a  twofold  range.  Therefore  we  feel  confident  that 
electronically  transmitted  hair  cell  action  potentials  (if  present)  do  not  account 
for  the  recorded  postsynaptic  activity.  The  most  convincing  records  of  vestibular 
hair  cell  receptor  potentials  have  been  obtained  from  saccular  hair  cells  of  the 
bullfrog.13  These  neurons  generate  biphasic  receptor  potentials  of  10-15  mV 
when  maximally  mechanically  stimulated.  If  these  or  other78  hair  cell  potentials 
were  electrotonically  transmitted  to  the  calyx,  some  electrotonic  decrement  in 
amplitude  should  be  expected.  Yet  our  spontaneous  monophasic  depolarizing 
PSPs  are  often  15  mV  or  larger.  Thus  it  seems  unlikely  that  electrotonic 
transmission  from  hair  cells  to  primary  afferents  can  account  for  these  results. 

Further  the  absence  of  specialized  junctions  between  the  neck  of  the  nerve 
chalice  and  the  type  I  cell,  which  might  limit  current  flow  into  the  extracellular 
space,  and  the  possible  presence  of  half  calyces  also  mitigate  against  ephaptic 
transmission.  On  the  basis  of  EPSP  shape,  the  type  I  synaptic  structure  has  a  very 
short  time  constant.  This  might  serve  to  curtail  the  falling  phase  of  synaptic  input, 
insuring  independent  transmission  of  each  unitary  potential  between  a  hair  cell 
and  the  nerve  chalice,  and  thus  may  minimize  summation  of  individual  post¬ 
synaptic  events.15 

In  summary,  we  have  recorded  from  irregular  primary  afferents  of  the  cristae 
of  the  horizontal  semicircular  canal  of  the  lizard  and  have  filled  the  afferents 
with  HRP.  Morphophysiological  studies  indicate  that  irregular  fibers  terminate 
in  a  calyx  that  is  innervated  by  from  one  to  five  type  I  hair  cells.  Interpretation  of 
records  suggests  chemical  synaptic  transmission  between  type  I  hair  cells  and 
vestibular  primary  afferents. 
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The  retina  of  all  vertebrates  projects  in  a  comparable  fashion  upon  several 
separate  targets  within  the  brain.  These  targets  include  the  optic  tectum,  the 
pretectal  complex,  the  dorsal  and  ventral  thalamus,  the  suprachiasmatic  nucleus 
of  the  hypothalamus,  and  the  nuclei  of  the  accessory  optic  system  (AOS).1,2  The 
specific  functional  role  of  each  of  these  retinal  targets  in  visual  behavior  remains 
unknown.  Conversely,  identification  of  the  specific  structure -responsible  for 
particular  visual  functions  often  has  proven  difficult  to  establish  with  certainty. 
With  the  possible  exception  of  the  pupillary  reflex,  there  are  few  instances  in 
visual  system  function  where  we  can  draw  the  complete  circuit  diagram  of 
input-output  that  might  specifically  account  for  a  defined  operation  of  the  visual 
system.  A  parallel  problem  to  that  of  the  specific  function  of  each  central  target  of 
the  retina  pertains  to  the  retina  itself.  Do  particular  types  of  ganglion  cells  project 
upon  specific  central  targets? 

Our  research  of  the  last  several  years  has  provided  some  clarification  of  these 
questions,  with  particular  relevance  to  the  subjects  of  this  conference.  This 
research  has  led  us  to  concentrate  our  efforts  upon  one  of  the  less  well  studied 
central  retinal  targets,  the  nuclei  of  the  AOS.  Our  research  has  indicated  that  the 
AOS  plays  an  important  and  specific  role  in  retino-oculomotor  control  mecha¬ 
nisms. 

The  accessory  optic  nuclei,  which  are  components  of  the  accessory  optic 
system  (AOS),  were  first  recognized  in  18813  and  have  been  identified  in  all 
vertebrate  classes  (see  References  4  and  5  for  reviews).  The  AOS  includes  the 
accessory  optic  nuclei,  which  are  located  along  the  mesodiencephalic  border, 
and  a  distinct  fascicle  or  fascicles  of  retinal  axons  that  terminate  upon  these 
nuclei.  The  most  prominent  and  consistently  described  components  of  the  AOS 
are  (1)  a  fascicle  of  retinal  axons,  generally  known  as  the  basal  optic  root  or  the 
tractus  peduncularis  transversus  in  nonmammalian  and  mammalian  vertebrates 
respectively,  and  (2)  a  main  accessory  optic  nucleus.  This  main  accessory  optic 
nucleus  is  known  as  the  nucleus  ectomamillaris  or  the  nucleus  of  the  basal  optic 
root  (nBOR)  in  nonmammalian  vertebrates.  In  mammals,  this  nucleus  also  is 
called  the  nucleus  tractus  peduncularis  transversus,  the  medial  terminal  nucleus, 
or  the  medial  accessory  nucleus.87 

The  second-order  connections  as  well  as  the  functions  of  the  AOS  have 
remained  obscure  until  recently.  A  variety  of  speculations  as  to  the  functions  of 
this  system  have  been  proposed  previously,  including  a  role  in  rapid  orienting 
responses  to  a  peripheral  stimulus,  participation  in  the  discrimination  of  lumi¬ 
nous  flux,  and/or  mediation  of  the  photic  modulation  of  the  pineal  gland.8  ’3 
Recently,  several  studies  have  suggested  that  this  system  plays  an  important  role 
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in  oculomotor  function.  Anatomical  studies  have  demonstrated  that  the  main 
accessory  optic  nucleus  gives  rise  to  axonal  projections  upon  several  central 
nervous  system  structures,  such  as  the  oculomotor  complex  and  vestibulocerebel- 
lum,  which  play  a  prominent  role  in  oculomotor  behavior.514  Physiological 
studies  have  demonstrated  that  neurons  within  the  accessory  optic  nuclei  have 
large  receptive  fields  and  respond  best  to  large,  slow-velocity,  vertically  moving 
stimuli.1517  In  addition,  behavioral  studies  have  demonstrated  an  impairment  of 
optokinetic  nystagmus  following  lesions  of  the  AOS  and  an  enhancement  of  the 
metabolic  activity  of  the  AOS  in  response  to  vertical  moving  stimuli.18'20  In  this 
review,  much  of  the  evidence  suggesting  a  role  of  the  AOS  in  oculomotor 
function  will  be  presented. 


Retinal  Projections  upon  the  Accessory  Optic  System 

In  birds,  a  unique  class  of  retinal  ganglion  cells  known  as  the  displaced 
ganglion  cells  of  Dogiel  are  the  predominant,  if  not  sole,  source  of  a  retinal 
projection  via  the  basal  optic  root  (BOR)  upon  the  nucleus  of  the  basal  optic  root 
(nBOR).21'26  In  pigeons,  the  BOR  forms  into  a  separate  and  distinct  tract  just 
caudal  to  the  optic  chiasm  and  is  present  along  the  ventral  aspect  of  the  brain 


Figure  1.  Photomicrograph  of  a  horizontal  section  through  the  pigeon  brain  stem 
illustrating  the  distribution  of  label  in  the  BOR  and  nBOR  after  an  intraocular  injection  of  1 
mCi  of  *H-proline.  Bright-field  photograph.  BOR,  basal  optic  root;  nBOR,  nucleus  of  the 
basal  optic  root;  TrO,  tractus  opticus. 
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AXON  DIAMETER  (fi) 

Figure  2.  A  comparison  of  the  axon  diameters  of  the  BOR  and  adjacent  TrOp.  TrOp, 
tractus  opticus. 


stem  just  lateral  to  the  hypothalamus  and  medial  to  the  optic  tract  (Figure  1).  This 
tract  is  characterized  by  large  myelinated  fibers  that  measure  from  1-11  pm  in 
diameter.  In  comparison,  the  majority  of  axons  within  the  adjacent  optic  tract, 
many  of  which  are  unmyelinated,  measure  1  pm  in  diameter  or  less  (Figure  2). 
The  BOR  axons  represent  about  0.2%  of  the  total  number  of  retinal  axons: 
quantitative  analyses  of  the  BOR  and  optic  nerve  have  estimated  about  4,800 
axons  in  the  BOR  and  2.4  million  axons  in  the  optic  nerve.27 

Injections  of  horseradish  peroxidase  (HRP)  confined  primarily  to  the  nBOR 
complex  result  in  the  labeling  of  displaced  ganglion  cells  of  the  contralateral 
retina,  which  appear  to  be  morphologically  identical  to  these  cell  types  as 
described  from  Golgi  impregnation  material.22"26  Displaced  ganglion  cells  are 
characterized  as  having  a  particularly  large  somata  located  at  the  border  at  the 
inner  nuclear  layer  and  the  inner  plexiform  layer,  and  dendritic  processes  that 
arborize  over  a  wide  horizontal  field  in  lamina  1  of  the  inner  plexiform  layer 
(Figure  3).  In  pigeon,  the  displaced  ganglion  cells  that  give  rise  to  a  projection 
upon  the  nBOR  complex  are  widely  spaced,  distributed  predominantly  within 
peripheral  retinal  regions,  and  found  in  the  greatest  densities  in  superior  nasal 
and  inferior  temporal  retinal  fields2426  (Figure  4).  About  5,000  displaced  ganglion 
cells  project  upon  the  contralateral  nBOR  complex.26  This  estimate  closely 
matches  the  estimated  number  of  axons  within  the  BOR  and  strongly  suggests 
that  this  tract  is  derived  exclusively  from  the  axons  of  displaced  ganglion  cells.  In 
contrast,  HRP  injections  into  the  optic  tectum  do  not  result  in  labeling  of 
displaced  ganglion  cells.  These  injections  do,  however,  result  in  the  labeling  of 
cells  within  a  restricted  portion  of  the  ganglion  cell  layer  corresponding  to  that 
retinal  area  known  to  project  upon  the  optic  tectum.24  2626  Therefore,  the  mor¬ 
phology.  distribution,  and  spacing  of  displaced  ganglion  cells  suggest  that  they 
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Figure  3.  Photomicrographs  of  labeled  displaced  ganglion  cells  after  an  injection  of 
HRP  into  the  contralateral  nBOR  complex.  Note  labeled  axon  entering  the  retinal  axon 
layer  in  A.  ONL,  outer  nuclear  layer;  INL,  inner  nuclear  layer;  IPL,  inner  plexiform  layer; 
GCL,  ganglion  cell  layer;  RA,  retinal  axon  layer.  (From  Fite  et  oi.,26  with  permission  of  the 
publisher.) 


may  be  involved  in  the  detection  of  movements  in  peripheral  visual  fields,  rather 
than  playing  a  role  in  visual  acuity  processes.24,26 


Organization  of  the  nBOR  Complex 

The  nBOR  complex  includes  three  distinct  subdivisions;  the  nucleus  of  the 
basal  optic  root  (nBOR),  the  nucleus  of  the  basal  optic  root  pars  dorsalis  (nBORd), 
and  the  nucleus  of  the  basal  optic  root  pars  lateralis  (nBORl).5  On  the  basis  of 
Golgi  impregnations,  Nissl  stains,  and  retrograde  HRP  filling  of  cells,  the  nBOR 
complex  has  been  found  to  contain  several  different  populations  of  cells  includ¬ 
ing  large  basophilic  stellate  cells,  medium  ovoid  cells,  and  small  spindle 
cells.52*  32  All  of  these  cell  types  appear  to  receive  a  direct  retinal  projection  and 
give  rise  to  projections  upon  the  targets  of  the  nBOR  complex5,31,32  (Table  1), 

The  efferent  projections  of  the  nBOR  complex  have  been  demonstrated 
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following  unilateral  injection  of  3H-leucine/3H-proline  mixtures  into  the  nBOR 
complex.5'*  The  nBOR  complex  gives  rise  to  prominent  bilateral  projections 
upon  (1)  the  vestibulocerebellum,  (2)  the  inferior  olivary  complex,  (3)  the  oculo¬ 
motor  nuclear  complex,  (4)  the  nucleus  interstitialis;  contralateral  projections 
upon  (5)  the  nBOR  complex;  and  ipsilateral  projections  upon  (6)  the  nucleus 
lentiformis  mesencephali  pars  magnocellularis.  These  efferent  systems  have 
been  confirmed  following  HRP  injections  into  each  of  the  targets  of  the  nBOR 
complex  (Table  1).  Detailed  descriptions  of  the  projections  and  terminal  patterns 
of  the  nBOR  complex  have  been  published  elsewhere.5  In  this  review,  the 
projections  of  the  nBOR  complex  upon  the  vestibulocerebellum,  the  inferior 
olivary  complex,  and  the  oculomotor  complex  will  be  discussed.  The  existence  of 
these  projection  systems  strongly  supports  the  contention  that  the  accessory  optic 
system  plays  a  role  in  oculomotor  function. 


nBOR  Complex  Projections  upon  the  Vestibulocerebellum 

Axons  originating  from  the  nBOR  complex  that  are  destined  for  the  cerebel¬ 
lum  join  the  descending  axons  of  the  nucleus  spiriformis  medialis  to  form  the 
brachium  conjuctivum  cerebellopetale.33  This  tract  projects  caudally  as  a 
compact  fascicle  and  enters  the  cerebellum  via  the  ipsilateral  brachium  conjunc- 
tivum.  Axons  originating  from  the  nBOR  complex  pass  through  and  between  the 
medial  and  lateral  deep  cerebellar  nuclei  and  distribute  bilaterally,  predomi¬ 
nantly  within  the  granule  cell  layer  of  the  vestibulocerebellum,  which  includes 


SUPERIOR 


Figure  4.  Reconstruction  of  the  distribution  of  labeled  displaced  ganglion  cells  in  the 
contralateral  retina  after  an  injection  of  HRP  into  the  contralateral  nBOR  complex.  P, 
pecten;  «,  approximate  location  of  the  fovea.  (From  Fite  et  al.,“  with  permission  of  the 
publisher.) 
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folia  IXc,d  and  the  paraflocculus  (Figure  5).  The  nBOR  axons  end  as  mossy  fiber 
terminals  within  the  external  one-third  to  one-half  of  the  granule  cell  layer 
immediately  adjacent  to  the  Purkinje  cell  layer.  The  mossy  fiber  terminals  spread 
horizontally  within  the  vestibulocerebellum,  frequently  merging  to  form  a 
continuous  band  of  terminals  that  varied  in  density  in  an  apparently  random 
manner. 

The  bilateral  nBOR  complex  projection  upon  the  cerebellum  was  also 
suggested  following  injections  of  HRP  into  folia  IXc,d  of  the  vestibulocerebel- 
lum.5,1430  Unilateral  injections  of  HRP  confined  to  the  paraflocculus  or  folia  IXc,d 
resulted  in  bilateral  retrograde  labeling  of  both  medium  and  large  cells  within 
the  nBOR  complex  (Table  1).  Unilateral  HRP  injections  into  folia  IXc.d  also 


Table  1 


Summary  of  the  Number  of  Labeled  Cells  within  the  nBOR  Complex  following 
Unilateral  HRP  Iniections  into  the  nBOR  Complex  Targets* 

Ipsilateral 

Contralateral 

nBOR 

nBORd 

nBORl 

nBOR 

nBORd 

nBORl 

Vestibulocerebellum-folia  IXc.d 

1931  72 

11 

1 

52 

11 

2 

199s  23 

3 

1 

15 

0 

0 

206t  159 

10 

11 

132 

12 

6 

2071  95 

12 

4 

105 

13 

3 

208t  30 

0 

2 

31 

0 

1 

Inferior  olivary  complex 

1691  15 

17 

0 

4 

8 

0 

1701  10 

10 

0 

2 

3 

0 

Oculomotor  nuclear  complex 

621  0 

5 

0 

8 

0 

0 

74t  0 

10 

0 

9 

0 

0 

92t  0 

2 

0 

3 

0 

0 

Contralateral  nBOR  complex 

153t  — 

— 

— 

22 

11 

6 

154t  — 

— 

— 

20 

9 

1 

Lentiformis  mesencephali 

129s  66 

26 

8 

— 

— 

— 

109lt  15 

12 

2 

— 

— 

— 

109rt  14 

2 

0 

— 

— 

— 

•From  Brecha  el  al.,s  with  permission  of  the  publisher. 


resulted  in  labeling  of  cells  within  vestibular,  reticular,  and  spinal  regions  as  well 
f  as  in  the  contralateral  dorsal  division  of  the  medial  accessory  olive.5  The 

f  projection  of  these  systems  upon  the  vestibulocerebellum  is  consistent  with 

:  current  proposals  that  visual,  vestibular,  and  spinal  inputs  are  integrated  within 

|  this  region.34 


nBOR  Complex  Projections  upon  the  Inferior  Olivary  Complex 

The  inferior  olivary  complex  in  birds  has  been  well  described  and  is  directly 
comparable  to  the  inferior  olivary  complex  of  mammals.35  Axons  of  the  nBOR 
complex  project  bilaterally  upon  the  medial  regions  of  the  inferior  olive.  This 
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IPSILATERAL  CONTRALATERAL 


Figure  6.  Bilateral  distribution  of 
label  within  the  inferior  olivary  complex 
following  a  unilateral  injection  of  SH- 
proline/5H-leucine  mixture  into  the 
nBOR  complex.  Label  is  distributed 
predominantly  within  the  medial  re¬ 
gions  of  the  ipsilateral  inferior  olivary 
complex.  Chartings  are  of  horizontal 
sections  arranged  in  a  dorsal  (A)  to 
ventral  (F)  sequence.  OI,  nucleus  oli- 
varis  inferior;  MAO,  medial  accessory 
olive:  R,  nucleus  raphes.  (From  Brecha 
et  al.,s  with  permission  of  the  publisher.! 


zone  reportedly  corresponds  to  the  dorsal  division  of  the  medial  accessory  olive 
of  mammals.5  The  nBOR  complex  projection  upon  the  ipsilateral  medial  acces¬ 
sory  olive  is  greater  than  that  upon  the  contralateral  medial  accessory  olive,  as 
evident  in  both  the  number  of  axons  within  the  ventral  tegmental  tracts  and  the 
density  of  label  within  the  inferior  olivary  nucleus  (Figure  6). 

Unilateral  HRP  injections  placed  in  the  region  of  the  inferior  olivary  nucleus 
resulted  in  bilateral  retrograde  labeling  of  small  spindle  cells  in  both  the  nBOR 
and  nBORd  (Table  1).  The  greatest  number  of  labeled  cells  were  found  within 
the  ipsilateral  nBOR  complex,  confirming  the  suggestion,  based  upon  antero¬ 
grade  studies,  that  the  nBOR  complex  projection  upon  the  ipsilateral  inferior 
olive  is  greater  than  that  upon  the  contralateral  inferior  olive. 


Inferior  Olivary  Projections  upon  the  Vestibulocerebellum 

As  mentioned  above,  HRP  injections  into  folia  IXc,d  of  the  vestibulocerebel¬ 
lum  resulted  in  retrograde  cell  labeling  within  the  same  region  of  the  contra¬ 
lateral  medial  accessory  olive  that  receives  a  bilateral  visual  input  from  the 
nBOR."  Autoradiographic  studies  have  demonstrated  that  this  region  of  the 
inferior  olivary  complex  gives  rise  to  a  projection  upon  the  internal  portion  of  the 
molecular  layer  of  the  vestibulocerebellum  in  a  pattern  characteristic  of  climbing 
fibers  in  the  bird.57  These  anatomical  studies  thus  provide  evidence  for  a  visual 
climbing  fiber  system  that  terminates  upon  the  same  region  of  the  cerebellum 
that  receives  the  nBOR  mossy  fiber  input."  The  function  of  the  visual  climbing 
fiber  system  in  birds,  which  has  yet  to  be  investigated  with  electrophysiological 
techniques,  is  likely  to  be  similar  to  that  described  for  mammals."" 


***** 
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nBOR  Complex  Projections  upon  the  Oculomotor  Complex 

On  the  basis  of  normal  cytoarchitectonic  appearance,  the  avian  oculomotor 
nuclear  complex  contains  four  prominent  divisions:  the  Edinger-Westphal 
nucleus  and  the  dorsolateral,  the  dorsomedial,  and  the  ventral  (medial  and 
lateral  divisions)  oculomotor  nuclei.  The  latter  four  nuclei  contain  the  oculomotor 
neurons  that  project  upon  the  inferior  rectus,  medial  rectus,  superior  rectus,  and 
inferior  oblique  extraocular  muscles. 

Axons  of  the  nBOR  complex  give  rise  to  substantial  projections  upon  the 
ipsilateral  ventromedial  and  contralateral  dorsolateral  divisions  of  the  oculomo¬ 
tor  nuclear  complex5  (Figure  7).  Axons  of  the  nBOR  complex  run  in  a  dorsome¬ 
dial  direction  lateral  to  the  oculomotor  nerve  to  enter  the  ipsilateral  ventral 
nuclei.  Some  axons  also  cross  the  midline  just  ventral  to  the  oculomotor  nuclear 
complex  and  run  within  the  fasciculus  longitudinalis  medialis  to  terminate 
within  the  contralateral  dorsolateral  nucleus.  A  very  sparse  projection  of  the 


OCULOMOTOR  COMPLEX 


Figure  7.  Distribution  of  label  within  the  oculomotor  nuclear  complex  and  the  trochlear 
nucleus  following  a  unilateral  injection  of  ’H-leucine  into  the  nBOR  complex.  Chartings 
are  of  transverse  sections  arranged  in  a  rostral  (A)  to  caudal  (G)  sequence.  EW,  nucleus  of 
Edinger-Westphal:  OMD1,  nucleus  nervi  oculomotorii,  pars  dorsolateralis;  OMdm,  nucleus 
nervi  oculomotorii,  pars  dorsomedialis;  OMv,  nucleus  nervi  oculomotorii,  pars  ventralis; 
FLM,  fasciculus  longitudinalis  medialis;  nIV,  nucleus  nervi  trochlearis.  (From  Brecha  et 
a/.,5  with  permission  of  the  publisher.) 
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nBOR  upon  the  contralateral  ventromedial  and  ipsilateral  dorsolateral  divisions 
of  the  oculomotor  complex  also  has  been  observed.  In  addition,  sparse  bilateral 
projections  have  been  observed  over  the  trochlear  nuclei,  with  the  ipsilateral 
trochlear  nucleus  being  somewhat  more  heavily  labeled  than  the  contralateral 
trochlear  nucleus.  No  labeling  was  ever  observed  over  either  the  ipsilateral  or 
contralateral  dorsomedial  division  of  the  oculomotor  complex,  the  Edinger- 
Westphal  nucleus,  or  the  abducens  nucleus.  In  the  oculomotor  nuclear  complex 
and  trochlear  nucleus,  the  autoradiographic  grains  were  clustered  immediately 
adjacent  to  the  somata  and  proximal  dendrites  of  oculomotor  neurons  (Figure  8). 


Figure  8.  Photomicrographs  of  the  distribution  of  label  within  the  oculomotor  nuclear 
complex.  Note  the  clustering  of  label  around  cell  bodies  (arrows)  and  the  suggestion  of 
labeled  axons  by  the  continuous  alignment  of  label.  A  and  B:  parasagittal  sections  through 
the  contralateral  dorsolateral  division  of  the  oculomotor  nuclear  complex.  C  and  D’. 
parasagittal  sections  through  the  ipsilateral  ventral  division  of  the  oculomotor  nuclear 
complex.  (From  Brecha  el  al.,*  with  permission  of  the  publisher.) 


This  distribution  of  label,  which  probably  represents  axonal  terminals,  implies 
that  nBOR  neurons  form  synaptic  contacts  with  the  somata  and  proximal 
dendrites  of  oculomotor  neurons.  This  suggests  that  the  nBOR  complex  has  a  very 
strong  influence  upon  the  physiological  properties  of  oculomotor  neurons. 

Discrete,  unilateral  injections  of  HRP  into  the  oculomotor  nuclear  complex 
and  the  trochlear  nucleus  have  confirmed  the  anterograde  transport  studies  and 
result  in  the  retrograde  labeling  of  medium  and  large  cells  (Table  1)  within  the 
contralateral  nBOR  and  somewhat  smaller  cells  located  throughout  the  full 
extent  of  the  ipsilateral  nBORd. 
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Oculomotor  Complex  Projections  upon  the  Extraocular  Muscles 

HRP  injections  into  individual  extraocular  muscles  result  in  the  labeling  of 
motor  neurons  within  the  oculomotor  nuclear  complex,  trochlear  nucleus,  and 
abducens  nucleus.  The  labeling  patterns  within  these  nuclei  are  similar  to  those 
described  in  other  vertebrates.  Of  particular  note  are  the  projections  of  the 
dorsolateral  and  ventromedial  nuclei  of  the  oculomotor  nuclear  complex  upon 
the  ipsilateral  inferior  rectus  and  contralateral  superior  rectus,  respectively.  The 
dense  projection  of  the  nBOR  complex  upon  these  divisions  of  the  oculomotor 
nuclear  complex  suggests  that  the  accessory  optic  system  plays  a  prominent  role 
in  the  control  of  vertical  eye  movements. 


Functional  Organization  of  the  Accessory  Optic  System 

Anatomical  studies  suggest  that  in  bird  the  retinal  input  to  the  main  accessory 
optic  nucleus  is  derived  from  displaced  ganglion  cells.24'26  In  other  vertebrates, 
including  the  turtle,  rabbit,  and  chinchilla,  the  retinal  input  to  the  main  accessory 
optic  nucleus  also  appears  to  be  derived  from  a  limited  population  or  populations 
of  retinal  ganglion  cells.40'42  For  instance  in  rabbit  retina,  about  2,000  ganglion 
cells  terminate  upon  the  medial  terminal  nucleus.4’  These  retinal  ganglion  cells 
appear  to  have  a  large  uniform  size,  occur  with  the  highest  density  in  and  near 
the  visual  streak,  and  have  similar  physiological  properties.’64’  In  turtle  and 
chinchilla  retina,  a  widely  spaced  population  of  large  ganglion  and  displaced 
ganglion  cells  also  have  been  reported  to  project  upon  the  nBOR  or  medial 
terminal  nucleus.40  42  All  of  these  studies  thus  suggest  that  the  accessory  optic 
system  in  several,  and  perhaps  all.  vertebrates  receives  a  retinal  projection  from 
a  unique  and  distinct  population  or  populations  of  retinal  ganglion  cells. 

Studies  of  the  secondary  projections  of  the  AOS  have  strongly  supported  the 
contention  that  this  system  plays  a  significant  role  in  oculomotor  function.5  14-30  43"45 
The  avian  nBOR  complex  projects  upon  several  nuclei,  all  of  which  appear  to  be 
involved  directly  or  indirectly  in  the  control  of  eye  and  neck  movements.514 
These  projections  include  those  upon  the  vestibulocerebellum,  the  olivary 
nuclear  complex,  and  the  oculomotor  nuclear  complex  as  well  as  the  interstitial 
nucleus  of  Cajal.5  Both  retrograde  and  anterograde  tracing  studies  have  demon¬ 
strated  that  the  accessory  optic  nuclei  of  several  vertebrates,  including  the 
catfish,  turtle,  and  chinchilla,  give  rise  to  a  direct  projection  upon  the  vestibulo¬ 
cerebellum  that  presumably  terminates  as  a  mossy  fiber  system. 5  ,4  42-45  In  addi¬ 
tion,  in  both  birds  and  mammals,  a  bisynaptic  retinal  projection  upon  the  inferior 
olivary  complex  has  been  described.536  This  region  of  the  inferior  olivary 
complex  in  turn  gives  rise  to  a  climbing  fiber  system  upon  the  vestibulocerebel¬ 
lum.  The  existence  of  both  mossy  and  climbing  fiber  systems  that  convey  visual 
input  to  the  cerebellum  via  the  AOS  suggests  that  this  system  plays  an  important 
role  in  the  visual  modification  of  cerebellar  oculomotor  control  systems  and 
perhaps  plays  a  role  in  the  vestibulo-ocular  reflex. 

Perhaps  the  most  compelling  argument  for  a  role  of  the  AOS  in  oculomotor 
functions  is  the  existence  of  bisynaptic  retinal  inputs  to  the  oculomotor 
complex.5’4-4446  In  birds,  the  nBOR  complex  gives  rise  to  a  direct  and  prominent 
projection  upon  the  contralateral  dorsolateral  and  the  ipsilateral  ventromedial 
nuclei  of  the  oculomotor  complex  (Figure  9).  These  nuclei  in  turn  give  rise  to 
projections  upon  the  inferior  rectus  and  superior  rectus  extraocular  muscles  of 
the  same  eye.5  This  projection  system  could  be  the  mechanism  by  which  rapid 
adjustments  of  the  oculomotor  muscles  are  made  to  a  peripheral  visual  stimulus. 
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Figure  9.  Schematic  representation  of  (1)  the  nBOR  complex  projection  upon  the 
oculomotor  nuclear  complex  and  (2|  the  oculomotor  nuclear  complex  upon  the  extraocular 
muscles. 


In  addition,  this  projection  system  strongly  argues  that  the  nBOR  system  plays  a 
role  in  vertical  eye  movements. 

Electrophysiological  studies  have  demonstrated  that  neurons  within  the  avian 
nBOR  complex  and  rabbit  medial  terminal  nucleus  have  large  receptive  fields 
that  respond  almost  exclusively  to  large,  slow-velocity,  vertically  moving  stim¬ 
uli.15'17  In  addition,  these  neurons  respond  poorly  or  not  at  all  to  horizontally 
moving  stimuli  or  small,  slow-velocity,  vertically  moving  stimuli.  In  the  chicken, 
whose  accessory  optic  system  is  organized  in  a  manner  similar  to  that  of  the 
pigeon,  a  functional  organization  of  the  nBOR  complex  has  been  described 
recently;  neurons  within  the  dorsal  portion  of  the  nBOR  complex  respond  best  to 
upward  movements,  while  those  in  the  ventral  portion  respond  best  to  down¬ 
ward  movements.17  These  observations  demonstrate  a  matching  of  the  physiolog¬ 
ical  and  anatomical  organization  of  the  nBOR  complex.  That  is,  nBOR  neurons 
that  are  responsive  to  upward  movements  are  located  in  the  dorsal  region  of  the 
nBOR  complex,  and  this  region  projects  bisynaptically  upon  the  superior  rectus 
extraocular  muscle.  Conversely,  nBOR  neurons  that  are  responsible  to  down¬ 
ward  movements  are  located  in  the  ventral  region  of  the  nBOR  complex,  and  this 
region  projects  bisynaptically  upon  the  inferior  rectus  extraocular  muscle.  Thus  a 
downward-  or  upward-moving  stimulus  may  elicit,  via  a  bisynaptic  pathway,  a 
corresponding  downward  or  upward  movement  of  the  eye. 

Finally,  behavioral  studies  have  suggested  that  the  accessory  optic  system 
plays  a  role  in  oculomotor  behavior.  In  amphibians,  large  lesions  of  the  AOS 
reportedly  eliminate  optokinetic  nystagmus  resulting  from  stimuli  moving  in  the 
contralateral  visual  field.1'  In  turtles  and  pigeons,  bilateral  lesions  of  the  AOS 
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result  in  a  reduction  in  head  nystagmus  resulting  from  a  horizontally  moving 
optokinetic  stimulus  at  high  stimulus  velocities.19  However,  to  date,  no  studies 
have  evaluated  the  effects  of  AOS  lesions  on  vertical  optokinetic  nystagmus. 
Recently,  vertical  optokinetic  stimulation  has  been  shown  to  activate  the  AOS 
selectively.  In  chickens,  the  nBOR  complex  can  be  activated  by  slowly  moving 
vertical  or  torsional  stripes  but  not  by  slowly  moving  horizontal  stripes.20  This 
enhancement  of  the  metabolic  activity  of  the  nBOR  complex  by  vertically  moving 
stimuli  implies  that  this  system  plays  a  role  in  vertical  oculomotor  systems. 

In  summary,  recent  anatomical  studies  have  demonstrated  that  a  seemingly 
distinct  class  of  retinal  ganglion  cells  give  rise  to  a  projection  upon  the  main 
accessory  optic  nucleus  (Figure  10).  This  nucleus  in  turn  gives  rise  to  projections 
upon  several  regions  that  are  critical  for  oculomotor  function,  including  the 
oculomotor  nuclear  complex,  the  inferior  olivary  complex,  and  the  vesibulocere- 
bellum.  These  anatomical  observations,  in  combination  with  electrophysiological 
and  behavioral  studies,  have  thus  suggested  that  the  AOS  plays  an  important  role 
in  oculomotor  function;  this  role  may  include  the  initiation  of  an  orienting 
movement  of  the  eyes  and  neck,  as  suggested  by  Herrick,8  and/ or  the  stabiliza¬ 
tion  of  eye  and  neck  movements. 

The  apparently  restricted  functions  of  this  system  thus  stand  in  marked 
contrast  to  the  extremely  diverse  functions  attributed  to  areas  such  as  the  optic 
tectum  and  striate  cortex.  The  fundamental  pattern  of  organization  of  the  AOS  is 
similar  in  all  classes  of  vertebrates  studied,  and  presumably  reflects  the  essential 
nature  of  the  behavior  mediated  by  this  circuit. 


Figure  10.  Summary  schematic  of 
the  displaced  ganglion  cell  projection 
upon  the  nBOR  complex  and  the 
nBOR  complex  projections  upon  the 
nucleus  interstitialis  (IS),  oculomotor 
nuclear  complex  (OMv,  OMdl),  and 
the  vestibulocerebellum.  (From  Bre¬ 
cha  el  al.,s  with  permission  of  the 
publisher.) 
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VISUAL-VESTIBULAR  INTERACTION  IN 
VESTIBULAR  NEURONS: 

FUNCTIONAL  PATHWAY  ORGANIZATION* 

Wolfgang  Precht 

Brain  Research  Institute 
University  of  Zurich 
CH-8029  Zurich,  Switzerland 

Visual  information  signaling  motion  of  large  parts  of  the  visual  surround  may 
reach  the  brain  via  crossed  or  both  crossed  and  uncrossed  retinofugal  fibers  and 
generates  through  central  circuits  eye  and/or  head  movements  that  try  to 
compensate  for  surround  motion,  thereby  stabilizing  a  given  visual  image  on  the 
retina.  The  input-output  relationship  of  this  velocity  control  system  has  been 
studied  particularly  well  for  the  horizontal  optokinetic  eye  nystagmus  (OKN)  in 
rabbit,  cat,  and  monkey;1'5  but  relatively  little  is  known  about  the  pathway 
organization  from  the  retina  to  ocular  motoneurons.  Thus,  it  has  been  shown  that 
in  foveate  animals,  OKN  is  still  present  after  complete  removal  of  the  bilateral 
visual  cortex.67  More  specifically,  it  is  only  the  OKN  evoked  by  temporonasal 
surround  motion  that  is  little  affected  by  cortical  ablation,  whereas  nasotempo- 
rally  directed  stimuli  produce  a  very  poor  OKN  response  in  the  absence  of  the 
visual  cortex.  Foveate  animals  without  visual  cortex,  therefore,  show  an  OKN 
pattern  similar  to  that  found  in  intact  afoveate  animals  such  as  the  rabbit  and 
rat.16  Recent  work  employing  the  split  optic  chiasma  paradigm  or  unilateral 
section  of  the  optic  tract  has  revealed  that  the  system  most  independent  of  the 
visual  cortex  is  the  crossed  retinofugal  system  responding  to  temporonasal 
surround  motion.7  All  other  systems  (uncrossed  temporonasal  and  nasotemporal 
and  crossed  nasotemporal)  either  are  not  able  to  generate  OKN  without  the 
cortex  or  mediate  only  very  poor  responses.  Therefore,  the  OKN  mediated  by  the 
crossed  retinofugal  system  is  the  most  basic  one,  requires  only  the  integrity  of  the 
brain  stem,  and  is  present  in  all  vertebrates  so  far  studied. 

In  investigating  OKN  pathways,  it  is  therefore  reasonable  to  start  out  with  this 
phylogenetically  old  system.  We  have  chosen  the  rat  as  an  experimental  animal, 
since  in  this  afoveate  species,  only  the  crossed  temporonasal  system  generates 
significant  OKN  responses  with  monocular  stimulation.7,8  For  a  comparison,  we 
studied  the  OKN  pathways  in  the  cat,  which  has  an  area  centralis  and  may  be 
considered  a  representative  of  the  foveate  species. 

Based  on  studies  of  the  exact  time  course  of  the  OKN  generated  by  velocity 
steps  of  surround  motion,  the  existence  of  direct  and  indirect  pathways  has  been 
postulated.5  The  direct  path  very  rapidly  brings  the  OKN  slow-phase  velocity  to  a 
fraction  of  the  final  steady-state  velocity,  and  the  indirect  path  provides  the 
additional  slower  rise  of  OKN  velocity  to  the  steady-state  value  observed  during 
prolonged  stimulation.  In  anatomical  terms,  the  direct  path  may  consist  of  a 
three-neuron  arc  composed  of  the  axons  of  the  optic  nerve  and  central  relay 
neurons  whose  axons  directly  contact  ocular  motoneurons.  Anatomical  evidence 
for  such  connections  exists  in  birds  and  amphibia.910  The  indirect  path  is 
polysynaptic  in  nature  and  involves  the  vestibular  nuclei  on  its  way  to  motoneu¬ 
rons.  It  is  this  pathway  that  is  of  particular  relevance  in  the  context  of  the  present 
paper. 
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There  is  overwhelming  evidence  that  vestibular  nuclear  neurons  (Vn)  of 
various  species  respond  not  only  to  vestibular  but  also  to  pure  optokinetic  stimuli 
and  the  responses  evoked  by  the  two  systems  interact  synergetically.811-15  Since 
many  of  the  Vn  project  directly  or  indirectly  to  ocular  motoneurons,  the  transves- 
tibular  optokinetic  path  has  a  powerful  access  to  the  final  motor  output  stage.  The 
importance  of  the  vestibular  system  for  OKN  is  also  demonstrated  by  the  fact  that 
both  OKN  and  optokinetic  after-nystagmus,  the  latter  of  which  is  an  expression 
of  a  velocity  storage  mechanism,  are  severely  affected  by  a  bilateral  labyrinthec- 
tomy.1617  The  experiments  to  be  described  here  were  designed  to  elaborate  the 
pathways  mediating  optokinetic  responses  of  Vn  in  the  rat  and  cat. 


Material  and  Methods 

Details  have  been  described  in  previous  publications.8 18-20  In  brief,  all  single 
unit  recordings  were  performed  in  alert  (paralyzed  or  unparalyzed)  rats  (DA- 
HAN)  or  cats  prepared  under  anesthesia  for  chronic  recording.  Electrolytic 
lesions  of  various  brain  structures  were  performed  from  a  few  hours  up  to  three 
days  prior  to  recording.  Recording  sites  were  marked  by  Pontamine  Blue 
electrophoretically  ejected  from  the  recording  pipettes.  All  experimental  brains 
were  sectioned  and  stained  with  the  Nissl  technique  to  delineate  the  extent  of  the 
lesions  or  the  position  of  dye  marks. 

In  many  animals,  the  horizontal  electro-oculogram  (EOG)  was  recorded  prior 
to  and  after  the  lesion,  and  the  eye  movements  evoked  by  horizontal  rotation  in 
the  dark  (vestibulo-ocular  reflex,  VOR)  and  by  moving  a  large  patterned 
surround  (OKN)  were  measured  (for  details,  see  Reference  20). 

Pure  vestibular  stimulation  was  achieved  by  applying  trapezoidal  or  sinusoi¬ 
dal  rotations  with  a  Toennies  turntable  in  the  dark;  they  served  to  identify  the 
units  as  type  I  or  type  II  neurons  of  the  horizontal  canal  system.  Pure  optokinetic 
stimuli  were  produced  by  a  Toennies  shadow  projector  producing  a  stripe 
pattern  on  a  cylinder  surrounding  the  animal;  stimulus  velocities  could  be  varied 
from  0.2-6(l°/second. 

To  ascertain  alertness,  particularly  in  the  paralyzed  state,  amphetamine  (0.5 
mg/kg)  was  injected  prior  to  the  recording  session  anti  renewed  once  during 
longer  sessions. 

The  signal  from  the  microelectrode  was  amplified  by  conventional  electron¬ 
ics,  displayed  on  an  oscilloscope,  and  played  over  an  audiomonitor.  The  same 
signal  after  amplitude  discrimination  with  a  window  detector  was  converted  to 
the  instantaneous  discharge  rate  and  also  smoothed  with  a  first-order  filter  and 
displayed  on  a  brush  recorder  together  with  table  position  or  drum  velocity. 

In  14  rats,  stimulating  electrodes  consisting  of  stainless-steel  wires,  insulated 
except  for  the  tip,  were  inserted  into  various  brain  structures  (see  below)  for 
monopolar  stimulation. 


Results  and  Discussion 

Optokinetic  Responses  of  Vestibular  Neurons  in  Control  Animals 

In  both  rat  and  cat,  nearly  all  type  I  and  type  II  Vn  neurons  responded  to 
optokinetic  stimulation  in  a  direction-specific  manner.  As  shown  in  Figure  1  and 
Table  1,  type  I  Vn  increased  their  discharge  rate  on  surround  motion  directed 
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contralaterally  to  the  recording  side,  and  a  decrease  in  bring  occurred  on 
opposite  stimulus  direction.  Responses  of  type  II  Vn  were  mirror  images  of  those 
of  type  I.  Thus,  the  optokinetic  responses  of  both  types  of  Vn  were  synergistic 
with  their  vestibular  responses,  which  increased  or  decreased  their  firing  rates 
on  rotation  in  the  dark  always  in  directions  opposite  to  those  of  the  optokinetic 
stimuli. 

Figure  1  illustrates  some  important  features  of  the  time  course  of  the 
optokinetic  responses.  There  was  often  a  delay  of  one  to  three  seconds  following 
the  onset  of  the  stimuli  before  a  change  in  firing  occurred.  After  this  delay,  the 
firing  changed  gradually  to  reach  a  plateau,  which  could  be  maintained  or 
slightly  reduced  during  the  remainder  of  the  stimulation.  As  shown  in  Figure  2, 
the  mean  peak  increases  and  decreases  in  the  rat  occurred  at  retinal-slip 


BOTH  EYES  OPEN 


CONTRALATERAL  EYE  COVERED 


IPSILATERAL  EYE  COVERED 


Figure  1.  Response  behavior  of  ral 
type  I  vestibular  neuron  to  optokinetic 
stimulation  (OKS)  in  binocular  and  mon¬ 
ocular  conditions.  Upper  trace  in  each  set 
of  records  shows  smoothed  instantaneous 
frequency  of  a  single  unit,  middle  trace 
indicates  zero  level  of  discharge,  and 
lower  trace  gives  the  stimulus  profile,  i.e., 
velocity  of  OKS  (l°/second).  Note  that 
recordings  were  obtained  in  paralyzed 
state. 
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velocities  of  1  “/second,  whereas  in  the  cat  the  peak  occurred  at  higher  velocities 
of  ca.  10“/second. 

Another  important  difference  between  Vn  responses  in  rat  and  cat  was  noted 
when  monocular  stimuli  were  applied.  In  the  rat  (Figure  1,  Table  1),  monocular 
stimulation  changed  the  bidirectionally  selective  responses  seen  in  binocular 
condition  to  unidirectionally  selective  response  patterns.  In  the  cat,  however, 
response  bidirectionality  was  maintained  in  monocular  condition,15  i.e.,  both 
temporonasal  and  nasotemporal  stimulus  directions  gave  responses.  It  is  note¬ 
worthy  to  mention  that  the  actual  ±Af  (frequency  of  spike  firing)  values  in 
monocular  condition  were  very  similar  (Table  1).  Further  details  are  described 
elsewhere  and  are  of  minor  interest  in  the  present  context.* 
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In  our  attempt  to  study  optokinetic  pathways  to  Vn,  we  first  placed  lesions  in 
various  nuclei  and  fiber  tracts.  We  then  measured  in  these  lesioned  animals  the 
Vn  responses  to  optokinetic  stimuli  and  compared  them  to  the  control  values 
described  above.  Both  qualitative  (i.e.,  directionality  of  responses)  and  quantita¬ 
tive  measures  (±A /  values)  were  taken  with  the  same  stimulations  as  in  the 
control  studies. 


Lesions  of  the  Pretectum 

There  is  strong  experimental  evidence  suggesting  that  the  pretectum  is  a 
crucial,  first  link  in  the  afferent  path  of  the  horizontal  optokinetic  reflex  arc  in  the 
rabbit.21  Among  the  various  pretectal  nuclei,  the  nucleus  of  the  optic  tract  (NOT) 


Stimulus  velocity  (deg/sec) 

Figure  2.  Mean  values  of  frequency  increase  (mean  steady  state  npnus  mean  resting 
rate)  of  Vn  of  cat  (•)  and  rat  (O)  measured  in  paralyzed  state. 


is  probably  the  most  crucial  one  since  its  neurons  in  the  rabbit  and  cat  have 
response  characteristics  compatible  with  OKN  and  very  similar  to  those  recorded 
in  Vn  and  they  receive  direct  projections  from  the  retina.22  23  Furthermore, 
electrical  stimulation  of  the  NOT  generated  nystagmus,  while  lesions  abolished 
OKN.2122 

To  test  the  importance  of  the  pretectum  for  optokinetic  responses  in  Vn  and 
OKN,  we  placed  unilateral  and  bilateral  lesions  in  this  area  and  recorded  Vn 
activity  and  OKN  thereafter.  Figure  3  shows  a  projection  drawing  of  the  extent  of 
a  lesion  in  the  left  pretectum  of  the  rat  and  the  effects  of  this  lesion  on  the 
optokinetic  responses  of  type  I  and  type  II  Vn  recorded  in  the  right  vestibular 
nucleus.  With  unilateral  lesions,  the  responses  became  unidirectional  with 
binocular  viewing  and  were  thus  similar  to  those  obtained  in  control  animals 
with  monocular  viewing.  In  addition,  as  seen  in  Table  2,  monocular  viewing  with 
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Figure  3.  Effects  of  lesion  of  the 
left  pretectal  area  in  rat  on  optoki¬ 
netic  responses  of  type  I  and  type  II 
Vn  (arrangement  as  in  Figure  1).  The 
projection  drawing  below  the  re¬ 
cordings  gives  the  extent  of  the 
lesion  (hatched  area)  at  its  maximal 
size.  Pt,  pretectum;  LM,  medial 
lemniscus;  IP,  n.  interpeduncularis; 
SN.  substantia  nigra. 
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the  ipsilateral  eye  gave  no  responses  in  lesioned  animals.  This  finding  shows  that 
in  the  rat,  uncrossed  retinotectal  fibers  cannot  drive  Vn.  It  should  be  noted 
(Table  2)  that  the  A f  values  of  Vn  in  lesioned  animals  were  not  significantly 
different  from  control  values,  indicating  that  the  contralateral  pretectum  does  not 
contribute  much  to  the  response  sensitivity.  Needless  to  say,  bilateral  lesions 
abolished  all  responses  in  Vn. 


Table  2 

Effects  of  Unilateral  Pretectal  Lesions  on  Optokinetic  Responses  of  Type  I  and 
Type  II  Vn  (Stimulus  Velocity  -  iVsecond)  in  Paralyzed  Rats 
with  Both  Eyes  Open* 


Lesioned  Side 

Intact  Side 

Type  t  (n  -  12) 

Type  II  (n  -  15) 

Type  I  (n  -  5) 

Type  II  (n  -  11) 

OKS 

Contralateral 

Excitation 
+  Af  -  16  ±  6.78 

Inhibition 
-  M  -  9.93  ±  4.24 

No 

Excitation 

No 

Inhibition 

OKS 

Ipei  lateral 

No 

Inhibition 

No 

Excitation 

Inhibition 
—  Af  -  11  ±  4.05 

Excitation 
+  A f-  15.05  ±  7.33 

‘Af  -  mean  frequency  increase  ( +  Af|  or  decrease  ( -  A/)  of  Vn  discharge  in  impulses/second. 
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In  the  cat,  bilateral  pretectal  lesions  including  the  NOT  almost  abolished 
optokinetic  responses  in  Vn,  and  unilateral  lesions  caused  a  strong  reduction  of 
normal  responses  on  either  side  of  the  lesion  (Table  3).  Since  in  the  cat 
monocular  optokinetic  stimulation  gives  bidirectional  responses  (see  above)  and 
uncrossed  fibers  are  capable  of  carrying  the  optokinetic  signal,  the  remaining  ca. 
30%  of  qualitatively  normal  responses  found  in  unilaterally  lesioned  animals  are 
readily  explained.  It  should  be  noted,  however,  that  the  sensitivity  of  these 
apparently  normal  Vn  responses  was  strongly  reduced  (see  A/  in  Table  3).  Our 
results,  therefore,  strongly  support  the  notion  that  both  in  rat  and  cat,  the 
pretectum  is  a  crucial  link  in  the  central  optokinetic  path  to  the  vestibular  nuclei. 


Lesion  of  the  Nucleus  Reticularis  Tegmenti  Pontis  (NRTP) 

In  the  preceding  section,  it  was  demonstrated  that  the  integrity  of  the 
pretectum  is  essential  for  obtaining  optokinetic  responses  from  Vn.  Since  appar¬ 
ently  there  are  no  direct  pretectal  projections  to  Vn,24  25  we  searched  for  possible 


Table  3 


Summary  of  the  Responses  of  Type  I  and  Type  II  Neurons  in  the  Vestibular 
Nuclei  to  Optokinetic  Stimuli:  Effects  of  Various  Lesions  in  the  Cat 


Type  of  Lesion 

Units 

Tested 

Normal 

Response 

No 

Response 

Uni¬ 

directional 

Inverted 

+  Af 
(imp/sec) 

Bilateral  Pretectum 

78 

4(5.2%) 

54(69.2%) 

7(9%) 

13(16.7%) 

11.0 

Unilateral  Pretec- 

turn 

77 

25  (32.5%) 

21  (27.3%) 

22  (28.6%) 

9(11.7%) 

17.0 

Bilateral  Ret.  Tegm. 

Pontis 

152 

37(24.3%) 

87(57.2%) 

26(17.1%) 

2(1.3%) 

12.7 

Bilateral  Ventrola- 

teral  Midbrain 

33 

18  (54.5%) 

5(15.1%) 

8(24.2%) 

2(6.1%) 

13.6 

Central  Tegm.  Tract 

44 

37(84.4%) 

2(4.5%) 

3  (11.4%) 

0 

26.2 

Intact  Animals 

62 

58  (93.5%) 

3  (4.8%) 

1(1.6%) 

0 

26.0 

relay  nuclei  and  found  that  lesions  of  the  NRTP  in  the  rat  (Table  4)  and  in  the  cat 
(Table  3)  abolished  optokinetic  responses  in  Vn. 

Figure  4  gives  an  example  of  an  experiment  in  which  the  left  NRTP  of  a  rat 
has  been  lesioned;  the  response  deficits  are  very  similar  to  those  described  above 
for  pretectal  lesions.  Lesions  placed  in  the  same  anterior-posterior  level  but  more 
dorsally  and  involving  the  tectospinal  tracts,  ventral  tegmental  nuclei,  or  medial 
longitudinal  fascicle  had  no  appreciable  effects  on  Vn  responses.  When  the 
lesions  were  placed  between  pretectum  and  NRTP  deep  in  the  midbrain,  effects 
were  similar  to  those  after  pretectal  or  NRTP  lesions.  This  finding  suggests  that 
pretectofugal  fibers  after  leaving  the  pretectum  run  ventrally  in  the  midbrain  to 
the  region  of  NRTP.  Whether  these  fibers  actually  terminate  there  cannot  be  told 
from  lesion  studies.  Single  unit  recordings  from  NRTP  neurons  during  optoki¬ 
netic  stimulation  are  required  to  answer  this  question.  They  will  be  described 
later. 
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Figure  4.  Effects  of  lesion  of  the 
NRTP  in  rat  on  optokinetic  responses  of 
type  I  and  type  II  Vn  (arrangement  as  in 
Figure  1).  Extent  of  lesion  is  shown  in 
the  projection  drawing.  FL,  fasciculus 
longitudinalis;  MLT,  medial  longitudi¬ 
nal  tract;  n.m.V.,  nucleus  mesencephali- 
cus  V.;  TP.  n.  reticularis  tegmenti  pontis; 
t.  spi.,  tractus  tectospinalis;  VT,  n. 
ventralis  tegmenti. 


Lesion  of  the  Vestibular  Commissure 

In  control  rats,  it  has  been  demonstrated  that  with  binocular  viewing,  type  I 
and  type  II  Vn  responded  with  a  decrease  or  increase  respectively  to  ipsilaterally 
directed  stimuli  and  showed  an  increase  or  decrease  on  reverse  stimulation 
(Table  1).  Response  bidirectionality  was  abolished  with  monocular  viewing 
(Table  1):  type  I  and  type  II  Vn  located  ipsilaterally  to  the  covered  eye  decreased 


Table  4 

Effects  of  Unilateral  Lesion  of  NRTP  on  Vn  in  Rat* 


Lesioned  Side 


Intact  Side 


Type  I  (n  -  13)  Type  II  (n- 18)  Type  I  (n  -  6)  Type  II  (n- 2) 


OKS  Excitation 

Contralateral  +  Af  -  11.04  ±  3.13 


Inhibition 
-  Af-  11  t  5.42 


No 

Excitation 


No 

Inhibition 


OKS  No 

Ipsilateral  Inhibition 


No  Inhibition  Excitation 

Excitation  -  Af  -  10.83  ±  6.55  +  Af  -  9  ±  1.41 


'Arrangement  as  in  Table  2. 
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or  increased,  respectively,  their  firing  on  ipsilateral  surround  motion  and  showed 
no  responses  on  contralateral  stimuli;  on  the  contralateral  side,  Vn  showed  the 
reverse  responses. 

When  the  vestibular  commissure  was  interrupted,26  the  response  pattern 
changed;  with  binocular  viewing,  Vn  responded  as  they  did  during  monocular 
stimulation  in  intact  animals  (Table  5).  The  same  pattern  was  noted  in  commis- 
surotomized  animals  when  the  eye  ipsilateral  to  the  recording  side  was  covered; 
however,  no  responses  occurred  when  the  contralateral  eye  was  covered  (Table 
5,  Figure  5).  This  finding  clearly  indicates  that  no  effective  transfer  of  optokinetic 
signals  occurs  rostral  to  the  vestibular  nuclei,  e.g.,  between  the  pretecta.  It  also 
implies  that  in  the  rat,  the  bidirectionality  of  the  Vn  responses  to  optokinetic 
stimuli  is  achieved  by  the  vestibular  commissure.  Thus,  temporonasal  surround 
motion  presented  to  either  eye  is  transmitted  via  the  commissure  to  Vn  on  both 
sides,  and  due  to  the  reversal  in  signs  in  the  inhibitory  commissure,26  the  bilateral 
Vn  responses  always  are  mirror  images. 


Other  Lesions 

Lesions  of  well-defined  descending  tracts,  such  as  the  tectospinal  tract,  the 
medial  longitudinal  fascicle,  and  the  central  tegmental  tracts,  had  no  appreciable 
effect  on  optokinetic  Vn  responses  of  cat  and  rat.1620 

Removal  of  the  visual  cortex  or  the  superior  colliculi  in  the  rat  likewise  did 
not  abolish  Vn  responses.  In  the  cat,  however,  bilateral  removal  of  the  visual 
cortex  rendered  Vn  responses  unidirectional  in  monocular  viewing,  i.e.,  they 
were  similar  to  those  seen  in  intact  rats.  The  OKN  recorded  simultaneously  in 
these  animals  was  likewise  asymmetrical,  i.e.,  the  response  to  nasotemporal 
stimuli  was  weak  or  absent.  This  finding  is  in  keeping  with  the  view  that  the 
visual  cortex  is  required  for  optokinetic  responses  mediated  by  the  uncrossed 
retinofugal  fibers  as  well  as  those  carried  by  the  crossed  nasotemporal  system.7 

In  cats  with  only  the  optic  chiasma  split,  Vn  responses  were  qualitatively 
normal,  indicating  that  with  the  visual  cortex  intact  the  uncrossed  system  alone 
can  generate  the  typical  optokinetic  responses  in  Vn.  Splitting  the  optic  chiasma 
in  rats  abolished  both  OKN  and  Vn  responses. 

After  the  discovery  of  a  visual-evoked  response  in  the  cerebellar  flocculus,27 
an  optokinetic  route  from  the  pretectum  via  the  flocculus  to  the  Vn  has  been 
widely  discussed.  The  latter  was  shown  to  receive  optokinetic  and  vestibular 
inputs  via  both  mossy  and  climbing  fiber  afferents  and  to  project  via  Purkinje  cell 
axons  to  Vn  (for  references,  see  28).  Of  relevance  for  this  hypothesis  is  the  finding 
that  the  pretectum  projects  to  the  inferior  olive,2425  which  in  turn  projects  via 
climbing  fibers  to  the  flocculus.  Also,  optokinetically  driven  cells  in  the  NOT 
were  antidromically  fired  by  stimulation  of  the  olive.29  As  for  the  optokinetic 
responses  mediated  to  the  flocculus  by  the  mossy  fibers,  it  is  of  interest  to  note 
that  there  is  some  evidence  that  the  NRTP  is  of  importance.30  The  latter  also 
projects  directly  to  the  flocculus.3' 

It  has  been  shown  recently,  however,  that  either  complete  cerebellar  ablation 
or  selective  floccular  ablations  in  cat  and  rat  had  no  effect  on  optokinetic  Vn 
responses  at  the  qualitative  level.1516  Vn  responses  were,  however,  less  sensitive, 
particularly  at  higher  stimulus  velocities  (Figure  6).  These  findings  suggest  that 
the  transcerebellar  route  has  a  modulatory  role  but  is  not  an  essential  link  in  the 
optokinetic  path  to  Vn  and  the  motor  system. 
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Effects  of  Lesions  on  OKN  and  Visual-Vestibular  Interactions 

Since  the  OKN  is  one  of  the  final  motor  acts  in  the  optokinetic  system,  it 
would  be  of  interest  to  know  whether  lesions  abolishing  optokinetic  responses  in 
Vn  (i.e.,  in  presumed  premotor  neurons)  would  also  affect  OKN.  We  therefore 
recorded  OKN  in  animals  with  pretectal,  NRTP,  and  cortical  lesions,  all  of  which 
affected  optokinetic  Vn  responses  (see  above). 

Cats  who  had  undergone  a  bilateral  removal  of  the  visual  cortex  showed  a 
highly  asymmetrical  OKN  when  viewing  monocularly  a  moving  visual  surround; 
the  asymmetry  was  caused  by  a  poor  response  to  nasotemporal  surround  motion.7 
The  gain  of  the  temporonasal  stimuli  was  affected  only  slightly.  When  the  same 
operation  was  performed  in  rats,  no  major  change  in  OKN  occurred,  i.e.,  the 
responses  to  temporonasal  stimuli  were  present  and  the  nasotemporal  ones  were 
absent  as  in  control  animals.  Thus,  the  OKN  data  obtained  after  cortical  ablations 
paralleled  those  reported  for  Vn. 

In  both  cat  and  rat  (Figure  7),  unilateral  lesions  of  the  pretectum  or  NRTP 
strongly  reduced  or  abolished  the  OKN  induced  by  surround  motion  toward  the 
side  of  the  lesion. ,*-20  Bilateral  lesions  abolished  OKN  in  both  directions.  This 
finding  indicates  that  when  the  brain-stem  relay  of  the  crossed  retinofugal  fibers 
is  destroyed,  the  uncrossed  system  apparently  is  not  capable  of  producing  an 
OKN  with  a  gain  comparable  to  that  noted  in  cats  with  optic  chiasma  lesions. 

When  an  animal  turns  its  head  in  the  light,  vestibular  and  optokinetic  systems 
work  together  to  generate  a  perfectly  compensatory  VOR  over  a  wide  range  of 
stimulus  velocities.  Alternatively,  fixation  mechanisms  may  be  used  to  suppress 
vestibular  nystagmus.  When  the  optokinetic  system  was  impaired  by  the  lesions 
just  described,  these  so-called  visual- vestibular  interactions  were  likewise  defi¬ 
cient.7-20  For  example,  in  cats  with  bilateral  cortex  ablations,  postrotatory  nystag¬ 
mus  no  longer  could  be  suppressed  when  the  vestibular  slow  phase  was  directed 
nasally.  Similarly,  when  animals  were  rotated  at  low  frequencies  and  velocities, 
the  phase  and  gain  changes  occurring  when  comparing  the  VOR  elicited  in  dark 
and  light  were  missing  or  poor. 


> 


Responses  of  Units  in  the  Pretectum  and  NRTP  to  Optokinetic 
and  Vestibular  Stimuli 

To  support  the  tentative  conclusion  derived  from  our  lesion  experiments  that 
the  pretectum  and  NRTP  are  crucial  links  in  the  horizontal  optokinetic  system, 
we  recorded  from  neurons  in  these  nuclei  in  the  rat  during  optokinetic  stimula¬ 
tions.  For  unit  recording,  rats  were  always  paralyzed  (see  Methods)  so  that 
optokinetic-stimulus  velocities  equaled  retinal-slip  velocities.  To  test  for  possible 
visual-vestibular  interaction,  most  units  were  also  tested  with  horizontal  table 
rotation  in  the  dark. 

Table  6  summarizes  the  different  unit  responses  obtained  in  the  pretectum 
and  NRTP.  It  is  important  to  note  that  in  both  the  pretectum  and  the  NRTP,  the 
majority  of  neurons  had  their  firing  increase  when  the  stimuli  were  presented  in 
the  temporonasal  direction  to  the  eye  contralateral  to  the  recording  side;  other 
stimuli  were  unable  to  change  the  resting  r3tes  of  these  units.  The  implication  of 
these  data  will  be  discussed  in  the  next  section.  It  should  also  be  noted,  however, 
that  in  addition  to  the  most  typical  responses,  other  response  types  have  been 
found,  indicating  that  pretectal  and  NRTP  neurons  may  subserve  several  func¬ 
tional  systems. 
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Figure  6.  Effects  of  removal  of  the 
entire  cerebellum  in  cat  on  mean 
responses  of  Vn  to  optokinetic  stimula¬ 
tion. 


A 


B 


oks  contra 


Figure  7.  Effects  of  pretectal  and  NRTP  lesions  on  OKN.  In  A  (pretectal)  and  B  (NRTP), 
EOG  recordings  and  projection  drawing  of  the  lesions  are  shown.  OKN  was  evoked  by 
surround  motion  with  a  velocity  of  5°/second.  Both  eyes  were  open.  Note  absence  of  OKN 
when  the  pattern  moved  in  the  direction  of  lesion.  Calibrations:  time,  5  seconds:  amplitude 
of  eye  movement,  1°. 
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Table  6 

Optokinetic  Response  Patterns  of  Single  Units  in  Pretectum,  NRTP,  and  Vn  to 
Monocular  (Ipsi-  and  Contralateral  Eye)  Optokinetic  Stimulation 
(Velocity  Steps  of  0.25-15°/second)* 


Pattern  of 

Ipsilateral  Contralateral 

Optokinetic 

Eye  Eye 

Number 

Vestibular 

Responses 

T-N  N-T  T-N  N-T 

of  Units 

Type 

Pretectum 


C  Unidirectional 

Bidirectional 

Selective 


-  t 
i  -  r 
-  -  t 


t  - 


Bidirectional 

Nonselective 


f  t  -  - 

-  -  i 


30  (48%) 
10(16%) 
4(6%) 
2(3%) 
10(16%) 
6(9.5%) 
1  (1.5%) 


NRTP  J 

'  Unidirectional 

{7 

-  t 

—  16  (43%) 

—  3(8%) 

11 

I 

Bidirectional 

/ 1 

7 

—  6(16%) 

II 

l  Selective 

1 1 

-  i 

—  12(33%) 

I 

Vn  j 

\  Bidirectional 

n 

-  t 

—  34(40%) 

II 

[  Selective 

it 

-  i 

—  51  (60%) 

I 

*T-N,  temporonasal;  N-T,  nasotemporal  stimulus  direction.  Column  on  the  far  right- 
hand  side  gives  response  to  pure  vestibular  stimuli.  Symbols  indicate:  — ,  no  response:  t. 
increase  and  decrease  of  resting  rate. 


Comparing  the  typical  optokinetic  response  patterns  of  pretectal  (Figure  8) 
and  NRTP  (Figure  9)  neurons,  it  is  apparent  that  the  discharge  of  the  former 
shows  a  much  faster  time  to  peak  levels  than  that  of  the  latter  and  likewise  the 
decay  times  are  different. 

Other  very  important  differences  between  the  two  populations  of  neurons 
were  observed  when  pure  vestibular  stimuli  were  applied.  Whereas  pretectal 
neurons  showed  no  response  to  this  stimulation,  the  typical  NRTP  units  all 
showed  a  type  II  response  pattern  (Table  6). 


Figure  8.  Instantaneous  fre¬ 
quency  recordings  of  a  pretectal 
neuron  in  the  rat  during  optoki¬ 
netic  stimulation.  Arrangement  as 
in  Figure  1.  Optokinetic  stimulus 
velocity:  1  "/second. 
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binocular 


V 


monocgl.(ipsi) 


monacal. (contra) 

3 


Figure  9.  Instantaneous  fre¬ 
quency  recordings  of  a  neuron 
located  in  the  NRTP.  Arrangement 
as  in  Figure  1. 


OKS  CONTRA  OKS  1PSI  ,  jj?  SeC 


Figure  10.  Responses  of  vestibular,  pretectal,  and  NRTP  neurons  to  optokinetic  velocity 
steps.  Mean  values  of  frequency  increase  (  +  Af  1  and  decrease  (-Af)  elicited  in  type  I 
(A,  A)  and  in  type  II  (O,  •)  vestibular  neurons  (Vn):  binocular  OKS  contralateral  and  OKS 
ipsilateral  evoked  increase  (A)  and  decrease  (A)  in  type  I  units,  respectively,  and  decrease 
(•)  and  increase  (O)  in  type  II  neurons.  Responses  of  pretectal  (Pt;  □,  ■)  and  NRTP  (<>,♦) 
neurons  to  OKS  ipsilateral  (open  symhols)  and  contralateral  (filled  symbols). 
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Comparison  between  Optokinetic  Responses  of  Pretectal,  NRTP,  and 
Vestibuiar  Neurons 

The  results  described  above  have  shown  that  the  majority  of  pretectal  and 
NRTP  neurons  increase  their  firing  when  the  contralateral  eye  is  viewing  a 
temporonasally  moving  pattern  and  show  no  change  in  resting  discharge  on 
reverse  stimulus  directions  or  on  the  stimulation  of  the  ipsilateral  eye  (Table  6, 
Figure  10).  Such  a  response  pattern  is  also  noted  in  type  II  Vn  (Figure  10). 
Concurrently,  type  I  Vn  recorded  on  the  same  side  show  a  decrease  in  discharge. 
Type  I  Vn  on  the  side  ipsilateral  to  the  stimulated  eye  increase  and  type  II 
decrease  their  firing  (Table  1)  providing  the  vestibular  commissure  stays  intact. 

At  the  quantitative  level,  the  response  properties  of  these  three  types  of 
neurons  are  likewise  strikingly  similar.  Figure  10  compares  the  mean  frequency 
increases  (+A/)  of  pretectal,  NRTP,  contralateral  type  II,  and  ipsilateral  type  I 


Figure  11.  Tentative  schematic  diagram  of  the  hori¬ 
zontal,  indirect  optokinetic  path  to  Vn  and  abducens 
motoneurons.  On  the  right-hand  side,  the  response 
signs— i.e.,  increase  ( + )  and  decrease  ( — )  in  firing— are 
indicated  for  an  optokinetic  stimulus  being  temporonasal 
for  the  left  eye  (right  eye  covered).  This  stimulus  causes 
an  OKN  with  the  slow  phase  to  the  right,  i.e.,  firing  noted 
in  abducens  motoneurons  is  appropriate.  On  the  left- 
hand  side,  neuronal  groups  are  identified:  Pt,  pretectum; 
NRTP.  n.  reticularis  tegmenti  pontis;  Vn,  vestibular 
neuron;  Mn  VI,  abducens  motoneuron.  Note  that  broken 
line  indicates  polysynaptic  path  and  neurons  shown  in 
filled  symbols  are  inhibitory  in  nature. 


?  ? 


Mn  VI  ^Q' 


Vn  as  well  as  the  frequency  decreases  '-A f)  of  contralateral  type  I  and 
ipsilateral  type  II  Vn  obtained  with  differe.it  magnitudes  of  optokinetic  stimula¬ 
tion.  It  can  be  seen  that  all  responses  have  their  mean  maxima  at  a  stimulus 
velocity  of  ca.  l°/second  (here  equal  to  retinal-slip  velocity)  and  that  the  absolute 
maxima  are  also  similar.  These  qualitative  and  quantitative  data  strongly  indicate 
that  the  three  neuronal  populations  are  parts  of  a  common  system. 


Circuitry  of  the  Optokinetic  Path  to  Vn 

From  the  above,  it  seems  fair  to  state  that  the  pretectum  is  the  first  central 
relay  in  the  horizontal  optokinetic  reflex  path  through  Vn  (Figure  11).  A 
particular  class  of  units  (see  Figure  8,  Table  6)  has  the  proper  response  polarity, 
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tuning  curves,  and  response  time  course  to  relay  the  optokinetic  signal  to  lower 
centers.  Lesion  data  described  here  also  are  compatible  with  this  concept. 

How  does  the  pretectal  signal  reach  the  Vn?  It  is  quite  certain  that  it  does  not 
get  there  directly,  since  no  such  connections  have  been  found.24,25  Furthermore, 
Vn  spike  latencies  after  electrical  stimulation  of  the  pretectum  are  beyond  the 
monosynaptic  range,18  and  clear  differences  in  the  time  course  of  the  responses 
of  the  two  populations  exist.  Therefore,  there  should  be  at  least  one  more  link 
between  pretectal  neurons  and  Vn,  and  this  might  be  the  NRTP  (Figure  11). 
Neurons  in  this  nucleus  have  all  the  response  properties  that  pretectal  units  have 
in  common  with  Vn,  plus  the  proper  response  time  course  and  vestibular 
convergence.  Also,  there  exists  in  the  rat  a  pretectal  projection  to  NRTP.25 
Indirect  pretectal-NRTP  projections  may  play  some  role  too. 

Assuming  the  NRTP  is  a  link  in  the  pathway  to  Vn,  one  must  now  ask,  How 
does  the  signal  reach  Vn  from  the  NRTP?  Our  electrical  stimulation  experiments 
do  not  support  a  direct  projection.  The  recordings  were  done  extracellularly  from 
identified  type  I  and  type  II  Vn,  with  the  former  being  inhibited  and  the  latter 
excited  by  ipsilateral  NRTP  stimulation.  The  mean  latencies  for  type  II  excitation 
and  type  I  inhibition  were  ca.  3  mseconds,  and  the  shortest  latency  for  type  II 
excitation  was  1.1  mseconds  (1  unit).  These  latencies,  for  the  most  part,  exclude 
direct  projections,  a  notion  that  is  also  in  agreement  with  negative  anatomical 
data.32  We  conclude  then  that  the  NRTP  projects  via  oligosynaptic  chains  to  Vn. 
At  present  it  is  not  known  where  these  additional  neurons  are  located. 

Based  on  a  model  proposed  by  Robinson,33  it  seems  reasonable  to  suggest  that 
the  NRTP  represents  the  site  where  retinal-slip  signals  and  an  eye-velocity  signal 
get  together.  This  combined  signal  is  then  transmitted  to  the  neural  network 
subserving  the  velocity  storage  mechanism,5  which  in  turn  projects  to  Vn.  Future 
work  is  needed  to  (1)  identify  the  location  of  the  velocity  storage  network  and  (2) 
demonstrate  its  connection  to  Vn. 

Previous  studies  have  shown  that  central  afferents  to  Vn  may  inhibit  type  I 
neurons  via  excitation  of  the  inhibitory  type  II  neurons.3435  In  the  system 
described  here  this  may  likewise  be  the  case,  since  the  thresholds  for  type  II 
activation  from  pretectum  and  NRTP  were  lower  and  the  latencies  shorter  than 
those  for  type  I  inhibition.  Furthermore,  the  mirror  image  responses  recorded 
concurrently  in  the  contralateral  Vn  are  likely  to  be  mediated  by  the  vestibular 
commissure  (see  above),  which  would  lead  to  type  II  decrease  by  disfacilitation 
and  increased  type  I  firing  by  disinhibition.  It  is  of  interest  to  point  out  that  the 
optokinetic  responses  obtained  from  Vn  after  systemic  injection  of  picrotoxin  are 
compatible  with  this  hypothesis  since  in  this  condition  only  type  II  excitation 
following  temporonasal  stimulation  of  the  contralateral  eye  is  preserved.18 
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Introduction 

Significant  progress  has  been  made  recently  in  understanding  the  operation 
of  and  delimiting  the  neural  pathways  involved  in  the  optokinetic  system  and  its 
close  ties  to  the  vestibular  system.  Careful  measurement  of  the  reflex  eye 
movements  induced  by  a  variety  of  full-field  visual  or  vestibular  stimuli  given 
alone  or  in  combination  has  produced  a  deeper  understanding  of  the  qualitative 
behavior  of  these  reflex  systems  for  visual  stabilization.1,2  Mathematical  models 
based  on  similar  measurements  have  generated  theoretical  conceptions  of  the 
neurological  organization  of  these  systems.1'3  The  most  interesting  new  feature 
derived  from  these  behavioral  and  modeling  studies  is  the  delimitation  of  a 
central  positive  feedback  loop  or  velocity  storage  mechanism.  This  theoretical 
mechanism  is  presumed  to  be  a  neural  network  that  is  shared  by  both  the  visual 
and  vestibular  inputs  and  provides  much  of  the  steady-state  behavior  of  both 
systems. 

In  terms  of  understanding  the  neurophysiological  operation  of  the  optokinetic 
system,  the  discovery  that  vestibular  nucleus  neurons  (Vn)  respond  in  a  direc¬ 
tion-selective  manner  to  whole-visual-field  motion  as  well  as  to  vestibular 
stimulation  has  been  a  major  advance.4  5  The  exact  nature  of  this  visually  induced 
signal  in  Vn  is  still  being  investigated.  Although  it  is  clear  that  it  can  be 
uncoupled  from  the  optokinetic  drive  to  the  eye  muscles  under  certain  condi¬ 
tions,6  we  will  continue  in  the  present  paper  to  refer  to  this  modulation  in  Vn  as 
an  optokinetic  response. 

Interest  now  has  been  directed  toward  uncovering  the  pathways  mediating 
this  complex  optokinetic  response  in  Vn.  Attention  first  was  focused  on  a  possible 
pathway  through  the  cerebellum,  but  the  response  has  been  shown  to  persist 
following  total  cerebellar  ablations.7  More  recently  a  new  pathway  has  been 
proposed  in  rat  and  cat.  which  includes  as  early  relay  stations  the  pretectal  region 
followe--'  by  the  nucleus  reticularis  tegmenti  pontis  (NRTP).8,9  In  addition,  the 
response  properties  of  NRTP  neurons  indicated  that  this  structure  might  be 
involved  in  the  velocity  storage  mechanism  discussed  above.10 

The  present  paper  explores  the  relationship  of  this  latter  nucleus  (NRTP)  to 
optokinetic  and  vestibular  responses  in  the  primate.  Although  a  small  percentage 
of  NRTP  cells  in  the  monkey  respond  to  whole-visual-field  motion,  their 
velocity-tuning  properties  are  completely  different  from  those  observed  in  Vn  in 
this  animal  for  similar  stimuli.  In  contrast,  NRTP  in  primates  seems  to  play  a 
more  important  role  in  relaying  visual  information  about  discrete  visual  targets, 
their  motion,  and  accompanying  saccadic  and  pursuit  eye  movements  to  the 
cerebellum. 

‘The  research  was  supported  by  NIH  Grants  R01  EY-03280-01  and  5P  30  EY-01186,  and 
by  the  Smith-Kettlewell  Eye  Research  Foundation. 
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Microelectrode  recordings  in  the  region  of  the  NRTP  were  conducted  in  three 
previously  trained  juvenile  monkeys  (Macaco  fascicularis ).  The  methods  used  in 
the  chronic  preparation  and  training  of  these  animals  have  been  described 
previously.11  Briefly,  under  pentobarbital  sodium  anesthesia  and  aseptic  condi¬ 
tions,  a  stainless-steel  chamber  was  implanted  stereotaxically  on  the  skull  in  a 
frontal  plane  at  a  25°  angle  from  the  vertical  above  the  NRTP.  During  subsequent 
daily  recording  sessions,  tungsten  microelectrodes  were  driven  through  the 
chamber  with  an  eccentric,  hydraulic  drive  system.  The  dura  was  left  intact,  and 
electrodes  were  passed  through  it  within  a  sterile  cannula.  A  light  aluminum 
crown  was  bolted  to  the  skull  to  provide  a  platform  for  restraining  the  monkey’s 
head  during  recording  sessions.  A  Teflon  "'-insulated  stainless-steel  coil  was  also 
implanted  on  one  eye  during  this  same  surgical  period.  During  subsequent 
recording  sessions,  eye  movements  were  measured  using  the  search  coil  in  a 
magnetic  field  method.12  During  experiments,  the  monkey  sat  upright  in  its 
primate  chair  with  its  head  fixed.  As  the  microelectrode  was  driven  into  the 
region  of  the  NRTP,  an  optokinetic  drum  was  oscillated  about  a  vertical  axis  at  a 
low  frequency  (about  0.1  Hz)  around  the  animal  as  a  searching  stimulus.  The 
drum  was  four  feet  in  diameter,  included  the  entire  upper  visual  field  with  a 
striped  ceiling  and  down  30°  into  the  lower  visual  field,  contained  alternating 
black  and  white  vertical  stripes  of  random  width  (1-8°  of  visual  angle  each),  and 
was  uniformly  illuminated  at  a  mean  luminance  of  9.1  cd/m2  (contrast  -  0.82). 
The  drum  was  rotated  by  a  servocontrol  system  and  could  be  retracted  quickly 
into  the  ceiling  above  the  animal  when  desired.  The  monkey  attended  to  a  dimly 
lighted  light-emitting  diode  (LED)  located  at  the  primary  position  (which 
subtended  about  0.25° |  when  it  was  on  and  suppressed  its  optokinetic  nystagmus 
(OKN).  This  will  be  called  the  fixation  condition.  When  the  LED  was  extin¬ 
guished  during  drum  rotation,  normal  OKN  resulted. 

Vestibular  stimulation  was  provided  by  a  mechanical  oscillator  previously 
described.13  This  oscillator  provided  sinusoidal  motion  of  the  whole  animal  about 
a  vertical  axis  passing  through  the  center  of  its  head.  The  angular  position  of  the 
animal’s  head  was  measured  by  a  high-resolution  potentiometer.  Vestibular  tests 
were  carried  out  in  total  darkness. 

Smooth-pursuit  and  saccadic  eye  movements  were  induced  with  an  oscillo- 
sc  pe  projection  system.  The  OK  drum  was  raised,  and  images  from  the  face  of 
the  oscilloscope  were  back  projected  onto  a  translucent  tangent  screen  located  40 
cm  from  the  monkey.  The  image  on  the  screen  was  a  dim  spot  that  subtended 
about  one  degree  of  visual  angle.  When  the  fixed  LED  at  the  primary  position 
was  lighted,  the  animal  attended  to  it  and  did  not  follow  the  projected  spot, 
which  could  be  used  as  a  stimulus  to  explore  visual  fields  of  NRTP  units.  When 
the  LED  was  extinguished,  the  animal  followed  the  projected  spot  with  its  eyes. 
Sa  cades  were  triggered  by  target  steps,  while  sinusoidal  spot  motion  resulted  in 
smooth-pursuit  movements. 

Unit  activity  and  analog  signals  for  horizontal  and  vertical  eye  position,  OK 
drum  velocity,  head  position,  and  discrete-target-spot  position  were  recorded  on 
an  instrument-grade  magnetic  tape  recorder  for  subsequent  analysis.  Detailed 
analysis  of  unit  activity  and  its  relationship  to  the  various  visual,  optokinetic, 
vestibular,  or  eye-movement  parameters  was  carried  out  with  a  special  program 
on  a  PDP-11  computer. 

An  electrolytic  lesion  was  made  through  the  tip  )f  the  recording  electrode  at 
the  site  of  a  supposed  NRTP  unit  in  one  monkey.  The  lesion  was  verified  to  be  in 
the  NRTP  on  histological  brain-stem  sections  (25-*i  sections  stained  vdth  cresyl 
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violet).  Recording  sites  on  other  electrode  tracks  were  reconstructed  from  this 
marked  location.  In  the  other  two  animals,  we  first  located  the  oculomotor 
nucleus  on  the  basis  of  its  characteristic  neural  activity  related  to  eye  movements. 
Subsequent  electrode  penetrations  were  offset  stereotaxically  to  enter  the  region 
of  the  nearby,  but  ventrally  displaced,  NRTP.  Since  the  neural  activity  in  this 
nucleus  was  also  unique  (and  this  was  confirmed  by  the  histology  in  the  first 
animal),  we  considered  this  method  to  be  sufficient  for  localization. 


Results 

Electrode  penetrations  in  this  study  were  concentrated  in  the  medial  portion 
of  the  NRTP  (out  to  about  2.0  mm  from  the  midline)  but  throughout  its  whole 
rostral  to  caudal  extent.  We  have  not  yet  explored  the  lateral  portion  (the 
processus  tegmentosus  lateralis).  Within  this  medial  region,  the  activity  of  100 
neurons  in  or  in  the  close  vicinity  of  the  NRTP  were  recorded  in  the  three 
monkeys.  Of  this  population,  only  12%  (12  cells)  responded  to  the  stimulation 
provided  by  motion  of  the  visual  surround.  In  contrast,  72  cells  showed  a 
relationship  to  saccadic  eye  movements,  generally  with  a  burst  or  pause  of 
activity  associated  with  certain  saccades.  The  discharge  of  16  neurons  was 
exclusively  related  to  the  motion  of  the  small  discrete  visual  target  and  the 
accompanying  smooth-pursuit  eye  movement  but  not  to  large  visual-field  motion. 
In  this  paper  we  will  concentrate  on  providing  a  description  of  the  first  set  of 
neurons  because  they  are  related  to  OK  stimulation,  but  will  briefly  describe  the 
two  latter  classes  since  they  constitute  the  vast  majority  of  the  units  in  the  NRTP 
in  the  primate. 


Optokinetic-Related  Cells 

All  12  neurons  of  this  group  were  spontaneously  active  at  very  low,  irregular 
rates  in  a  stationary  visual  surround  and  were  not  related  to  spontaneous  eye 
movements.  Each  unit  responded  in  a  direction-selective  manner  to  horizontal 
motion  of  the  OK  drum  (Figure  1).  The  magnitude  of  the  response  was  similar 
whether  the  eyes  moved  in  response  to  drum  motion  or  fixated  the  suppression 
target.  The  units  were  excited  by  one  direction  of  horizontal  drum  rotation  (7  for 
the  right  and  5  for  the  left  direction)  and  were  totally  inhibited  by  the  opposite 
direction  of  visual  motion.  Vertical  or  oblique  directions  of  motion  were  not 
tested. 

When  the  motion  of  the  drum  was  a  velocity  trapezoid  (Figure  2),  the  units  all 
showed  a  latency  of  about  400  mseconds  from  the  onset  of  drum  motion  before 
any  change  in  activity  and  then  began  a  rapid  buildup  in  response  to  a  maximum 
level  within  another  0.5  to  1  second.  This  level  was  maintained  with  irregularly 
spaced  fluctuations  for  the  entire  period  (1  minute  was  the  maximum  tested 
duration)  of  drum  rotation.  The  time  course  of  this  profile  of  activation  was  not 
affected  by  the  magnitude  of  the  constant-acceleration  phase  (for  accelerations 
from  10  to  lOOVsecond2). 

None  of  these  units  responded  to  discrete  visual  stimuli  either  fixed  or 
moving  (Figure  3A)  or  during  smooth-pursuit  eye  movements  (Figure  3B). 
Finally,  this  type  of  unit  did  not  respond  to  vestibular  stimulation  (Figure  3C). 

The  anatomic  location  of  these  12  units  is  shown  in  Figure  4.  They  were 
found  at  scattered  locations  within  the  dorsomedial  portion  and  just  dorsal  to  the 
NRTP.  There  was  no  obvious  grouping  of  units  responding  to  left  or  right  drum 
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Figure  1.  The  response  of  a  typical  OK-type  NRTP  neuron.  The  upper  panels  show 
responses  during  constant-velocity  (lOVsecond)  drum  rotation,  while  the  lower  panels 
illustrate  sinusoidal  drum  motion  at  0.1  Hz  (peak  velocity  =  5°/second).  The  panels  on  the 
left  show  the  fixation  condition,  while  those  on  the  right  the  condition  without  a  stationary 
fixation  point.  In  each  panel  the  traces  are  horizontal  eye  position  (HE),  vertical  eye 
position  (VE),  drum  velocity  (OK),  and  instantaneous  firing  rate  of  the  neuron  (IR).  The 
vertical  calibration  applies  to  all  traces,  and  represents  in  the  upper  panels  25°  for  HE, 
lOVsecond  for  OK,  and  40  spikes/second  for  IR.  In  the  lower  panels,  it  represents  5“  for 
HE  and  VE,  lOVsecond  for  OK.  and  40  spikes/second  for  IR. 


rotation.  In  order  to  quantify  the  behavior  of  this  type  of  unit  for  comparison  to 
the  optokinetic  response  of  Vn  in  the  monkey,  the  activity  in  response  to  about 
eight  consecutive  sinusoidal  (0.1-Hz)  drum  rotations  during  the  fixation  condition 
was  averaged  for  several  different  values  of  peak  drum  velocity  from  0.5  to 
50°/second.  An  example  of  the  cycle  histogram  for  one  unit  is  shown  in  Figure  5 


o10R-|HE 

■°  o  -I — - 


3s 

Ficure  2.  The  onset  of  NRTP  unit  responses  to  OK  velocity  trapezoid  stimulation. 
Symbols  and  traces  the  same  as  Figure  1.  In  the  left  panel  the  period  of  the  acceleration 
phase  was  1  second,  and  in  the  right  panel  it  was  0.1  second.  Final  OK  velocity  was  the 
same.  Fixation  condition  during  both  tests. 
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for  peak  velocities  of  1,  5,  and  10o/second.  Four  units  showed  a  maximum 
response  amplitude  by  lVsecond,  while  the  rest  (like  the  example  in  Figure  5) 
had  a  soft  saturation  that  was  evident  at  5  to  lOVsecond  (Figure  6).  All  units 
continued  to  respond  at  nearly  maximum  level  at  the  highest  tested  value  of 
drum  velocity  (50°/second).  The  phases  of  the  averaged  responses  were  all  in 
phase  or  just  slightly  leading  drum  velocity  at  this  test  frequency  (0.1  Hz). 

Several  units  were  tested  over  a  similar  range  of  constant-velocity  drum 
rotations,  with  identical  response  magnitudes  to  the  peak  values  obtained  by  the 
sinusoidal  tests.  Therefore,  the  peak  values  of  the  cycle  histograms  obtained  for 
each  peak  velocity  of  the  sinusoidal  type  of  stimulation  were  averaged  over  the 
group  of  units,  and  the  results  at  each  velocity  are  shown  as  the  open  circles  in 
Figure  7.  These  averaged  values  were  normalized  to  the  value  obtained  at 
5°/second  so  that  they  could  be  compared  to  similarly  normalized  average  values 


p  AAA/VWX  AA/WW  1 


HE 


Figure  3.  The  total  lack  of  response  of  optokinetic-type  NRTP  neurons  to  discrete  visual 
targets  moving  across  the  fovea  (A),  to  smooth-pursuit  eye  movements  (B),  or  to  vestibular 
stimulation  in  dark  (C).  The  trace  labeling  is  the  same  as  in  Figure  1  except  for  the  position 
of  the  discrete  visual  target  (P)  and  the  position  of  the  head  (H).  Vertical  calibration  in  B 
applies  to  the  upper  panels  and  represents  10°  for  HE  and  P  and  40  spikes/ second  for  1R. 
Vertical  calibration  in  C  represents  20°  for  HE,  VE,  and  H  and  40  spikes/second  for  IR. 


obtained  from  data  in  Buettner  and  Btittner  in  monkey  Vn  during  suppression  of 
OK  eye  movements  (filled  circles,  Figure  7).s  The  opposite  trends  are  apparent. 
The  NRTP  unit  response  to  OK  stimulation  saturates  at  low  drum  velocities 
(certainly  by  5°/second)  and  then  decreases  somewhat  at  higher  values  of 
velocity.  The  response  of  Vn  is  barely  evident  at  5°/second,  but  increases  almost 
linearly  over  the  range  5  to  60°/second. 


Saccade- Related  Neurons 


Sixty-six  cells  were  recorded  in  the  NRTP  that  burst  in  association  with 
certain  saccades,  while  six  additional  cells  showed  a  saccade-related  pause  in 
spontaneous  activity.  Only  the  former,  large  class  will  be  described  here.  The 
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most  important  property  of  the  majority  of  these  saccadic  burst  neurons  was  that 
they  showed  a  movement-field  organization  similar  to  that  observed  in  deeper 
layer  superior  colliculus  cells  in  the  monkey.14'16  Most  units  were  totally  silent  or 
had  a  small,  irregular  spontaneous  discharge  with  the  monkey  fixating  the 
discrete  visual  target  in  the  primary  position.  The  step  movement  of  the  target  to 
the  center  of  the  unit’s  movement  field  induced  in  some  cases  an  early  visual 
response  (latency  from  65-100  mseconds)  followed  by  an  intense  burst  of 


Figure  4.  Anatomic  location  of  optokinetic-type  NRTP  units  projected  onto  one  repre¬ 
sentative  frontal  section  at  a  stereotaxic  coordinate  of  A6.0.  Monkey's  right  side  shown  on 
the  right.  Open  circles  are  units  that  are  excited  by  leftward  OK  drum  rotation,  filled  circles 
are  units  excited  by  rightward  rotation.  Calibration  mark  is  2  mm.  PC,  posterior  commis¬ 
sure:  CG,  central  gray;  HI.  oculomotor  nucleus;  MLF,  medial  longitudinal  fasciculus;  DBC, 
decussation  of  the  brachium  pontis;  NRTP,  nucleus  reticularis  tegmenti  pontis;  GPO, 
pontine  nuclei. 


discharge  preceding  the  saccade  by  about  20  mseconds  to  the  center  of  the  cell's 
movement  field  (Figure  8A).  When  the  target  step  was  smaller  in  amplitude 
(Figure  8B)  or  larger  (Figure  8C)  or  of  the  same  amplitude  but  in  a  different 
direction  (Figure  8D),  no  visual  response  (or  a  greatly  attenuated  response)  was 
obtained  and  the  saccade-related  response  was  likewise  attenuated.  The  move¬ 
ment-related  response  was  still  present  for  spontaneous  saccades  to  the  region  of 
the  movement  field  in  total  darkness  (Figure  8E).  The  visual  and  saccadic- 
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Figure  5.  Cycle-averaged  responses  of  a  typical  NRTP  neuron  to  sinusoidal  OK  drum 
motion  (0.1  Hz)  of  1,  5,  and  lOVsecond  peak  velocity.  Unit  response  separated  into  25  bins 
per  cycle  and  averaged  for  eight  cycles.  Two  identical  cycle  averages  are  shown  for  clarity. 
All  data  obtained  during  suppression  of  OKN. 


related  responses  were  retinotopically  organized  and  thus  were  not  dependent 
on  initial  eye  position  hefore  the  saccade,  at  least  over  a  range  of  ±20°  of  initial 
position.  The  parameters  quantifying  the  burst  portion  of  the  units’  discharge 
(burst  duration,  average  burst  frequency,  and  number  of  spikes  in  the  burst)  were 
not  related  to  the  saccadic  metrics.  Thus  the  burst  for  a  saccade  made  to  the 


Drum  Velocity  (deg/sec) 

Figure  6.  Velocity-tuning  characteristics  for  three  typical  NRTP  units  (different  symbols 
for  each  unit).  Peak  unit  response  obtained  from  cycle  histograms  (Figure  5)  are  plotted  as  a 
function  of  peak  sinusoidal  drum  velocity  (all  at  0.1  Hz). 
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Figure  7.  Comparison  of  the  velocity-tuning  properties  of  monkey  NRTP  units  (open 
circles  and  dashed  lines)  and  Vn  units  (filled  circles  and  solid  lines)  to  OK  stimuli.  The  data 
on  Vn  units  are  normalized  and  replotted  from  those  given  in  Buettner  and  Bilttner.6  Both 
sets  of  data  were  obtained  during  suppression  of  OKN. 


middle  of  the  movement  field  for  a  unit  with  its  field  at  5°  of  eccentricity  was 
very  similar  to  that  in  another  unit  for  a  saccade  to  the  middle  of  its  movement 
field  at  20°  of  eccentricity. 

One  example  of  a  typical  unit’s  movement  field  is  shown  in  Figure  9.  The 
number  of  spikes  in  the  burst  for  a  large  number  of  saccades  to  different  regions 
of  visual  space  is  shown.  Some  activity  occurred  for  saccades  over  a  considerable 
region  of  space,  but  a  clear  peak  occurs  for  saccades  that  move  the  eyes  about  7° 
right.  The  proximal  side  of  the  mound  representing  discharge  intensity  was 
generally  much  more  sharply  tuned.  For  units  with  movement-field  centers  at 
20°  of  eccentricity,  or  larger,  it  was  difficu..  to  show  any  decrease  in  response  for 
very  large  saccades  in  the  preferred  direction.  Some  movement  fields  included  a 
full  quarter  or  more  of  the  visual  field. 


Units  Responding  to  Discrete-Visual-Target  Motion 

Only  a  preliminary  study  has  been  completed  on  this  type  of  NRTP  unit. 
Since  these  units  never  responded  to  the  OK  stimulation  provided  by  the  drum 
rotation  (our  searching  stimulus),  their  relative  number  in  the  NRTP  may  be 
significantly  higher  than  that  indicated  here.  When  the  drum  was  retracted  and 
the  target  spot  was  moved  sinusoidally  on  the  tangent  screen,  a  clearly  modulated 
response  (Figure  10)  was  seen  in  this  type  of  unit.  For  the  unit  illustrated  in 
Figure  10,  the  response  was  similar  whether  the  eyes  remained  fixated  at  the 
primary  position  and  the  visual  stimulus  was  moved  across  the  fovea  (Figure 
10B)  or  when  the  eyes  tracked  the  same  stimulus  (Figure  10A).  In  some  other 
units  of  this  type,  the  response  was  more  closely  related  to  the  pursuit  eye 
movement  and  the  response  was  greatly  diminished  in  the  fixation  condition.  For 
most  units  of  this  type,  the  peak  discharge  frequency  was  nearly  in  phase  with 
target  velocity  (and  eye  velocity  when  tracking  was  permitted).  However,  in  a 
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few  units  like  the  one  shown  in  Figure  10,  the  peak  discharge  frequency  lagged 
stimulus  velocity  by  almost  90°.  For  these  units,  discharge  was  approximately  in 
phase  with  target  position  (or  acceleration). 


Discussion 

The  major  conclusion  that  can  be  drawn  from  this  study  is  that  the  primate 
NRTP  is  organized  quite  differently  from  that  of  the  rat.  The  majority  of  units  in 
the  rat  NRTP  respond  to  OK  stimuli,  and  furthermore,  the  unit  response  is 
quantitatively  very  similar  to  the  OK  response  observed  in  Vn  in  the  same 
animal.10-17  Thus  in  the  rat,  it  has  been  hypothesized  that  the  NRTP  is  a  direct  link 
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Figure  8.  The  activity  pattern  of  an  NRTP  saccadic  burst  unit.  In  all  panels,  the  upper 
trace  shows  the  computer-generated  marks  (events)  for  each  neural  discharge,  the  next 
trace  shows  horizontal  eye  position  (HE),  and  the  bottom  trace  shows  vertical  eye  position 
(VE).  The  arrowheads  mark  the  points  in  time  when  the  visual  target  shifted  position 
evoking  the  following  saccades:  (A)  Eye  movement  to  the  center  of  this  unit’s  movement 
field  (down  14°).  (B)  Smaller  pure  down  movement  with  less  vigorous  unit  burst.  (C)  Larger 
pure  down  movement  also  with  smaller  burst.  (D)  An  oblique  eye  movement  with  a  vertical 
component  equal  to  that  in  A  with  little  discharge.  (E)  Spontaneous  saccade  in  darkness  to 
the  center  of  the  movement  field  showing  a  burst  similar  to  A  but  without  the  early  visual 
response. 


258 


Annals  New  York  Academy  of  Sciences 


Figure  9.  Movement  field  of  a  typical  NRTP  burst  neuron  shown  in  a  three-dimensional 
representation.  Each  symbol  represents  one  saccade  with  the  horizontal  and  vertical 
coordinates  indicated  in  the  plane  in  degrees.  The  height  of  each  symbol  represents  the 
number  of  spikes  (burst  index)  in  the  high-frequency  portion  of  the  unit's  discharge  for  that 
saccade.  The  center  of  this  unit's  movement  field  was  about  7°  pure  right. 
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Figure  10.  Activity  pattern  of  an  NRTP  neuron  responding  to  discrete  visual  targets.  In 
both  plates,  the  upper  trace  is  horizontal  eye  position  (HE),  the  middle  trace  is  horizontal 
target  position  (VIS),  and  the  lower  trace  is  the  unit's  instantaneous  discharge  rate  (IR).  (A) 
The  monkey  is  tracking  the  target  as  it  moves  sinusoidally  at  0.(5  Hz.  (B)  Target  motion  is  the 
same,  but  the  monkey  is  now  fixating  the  stationary  LED. 
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in  the  neural  pathway  carrying  visual  responses  to  the  vestibular  nucleus  and 
that  this  pathway  is  also  instrumental  in  generating  optokinetic  nystagmus.  Based 
on  the  unit  activity  observed  in  the  primate  NRTP,  this  nucleus  in  the  monkey 
seems  more  related  to  the  saccadic  and  smooth-pursuit  systems.  Not  only  are 
units  that  can  be  modulated  by  OK  stimuli  extremely  rare  in  the  monkey  NRTP, 
but  their  pattern  of  discharge  clearly  is  not  similar  to  that  observed  in  Vn.  Instead 
they  saturate  at  'mry  low  velocities  of  surround  motion.  In  this  fer.ture  they 
resemble  the  response  recorded  in  a  majority  of  motion-sensitive  neurons  in  the 
nucleus  of  the  optic  tract  in  rabbit  and  cat.18'9  However,  they  appear  to  have 
somewhat  more  broadly  tuned  velocity  responses,  particularly  at  velocities  above 
lOVsecond,  than  do  units  observed  in  this  pretectal  region. 

This  type  of  NRTP  unit  still  could  be  involved  in  generating  the  slow  phase  of 
OKN.  Koerner  and  Schiller  reported  that  open-loop  OK-eye-movement  response 
peaks  for  a  stimulus  of  about  5°/second  in  the  monkey,20  which  is  similar  to  the 
unit  response  we  observed.  The  similarity  in  response  of  this  type  of  unit  when 
the  monkey  was  fixating  or  tracking  the  drum  motion  can  probably  be  explained 
by  the  low-velocity  soft-saturation  effect.  Close  inspection  of  Figure  1  shows  that 
the  response  was  consistently  a  little  larger  when  the  eyes  were  fixed  (and  retinal 
slip  created  by  drum  was  equal  to  surround  velocity)  than  when  the  eyes  were 
following  the  drum  and  retinal  image  slip  was  very  low. 

Monkey  NRTP  optokinetic  units  differ  in  two  other  significant  ways  from 
units  recorded  in  this  nucleus  in  the  rat.  First,  the  buildup  of  activity  following  a 
step  or  ramp  initiation  of  drum  motion  is  almost  immediate  in  monkey  NRTP 
units  in  contrast  to  the  several-second  time  couise  observed  in  rat  NRTP 
neurons.  This  slow  buildup  of  activity  led  Cazin  et  al.  to  hypothesize  that  NRTP 
units  might  form  part  of  the  velocity  storage  mechanism  for  the  OK  system.10  Such 
a  role  does  not  seem  possible  for  monkey  NRTP  units,  in  view  of  their  rapid 
response.  Secondly,  all  rat  NRTP  cells  that  respond  to  OK  stimuli  also  respond  to 
pure  vestibular  stimulation.  No  units  responding  to  vestibular  stimuli  have  been 
found  in  the  monkey  NRTP. 

The  saccade-related  response  observed  in  most  NRTP  burst  units  resembles 
most  closely  that  observed  in  neurons  found  in  the  deeper  layers  of  the 
colliculus.1418  Anatomic  work  supports  the  idea  of  an  extensive  projection  from 
the  superior  colliculus  to  the  NRTP  in  the  monkey.21  Furthermore,  some  NRTP 
units  resemble  that  particular  class  of  collicular  neurons  having  both  a  visual 
field  and  a  movement  field.  Collicular  cells  with  this  characteristic  typically  are 
located  in  the  intermediate  gray  layer  just  below  the  optic  layer.22,23  Mohler  and 
Wurtz  have  suggested  that  neurons  of  this  type  form  one  output  of  the  colliculus,22 
and  our  findings  in  NRTP  support  this  hypothesis.. 

The  most  interesting  point  concerning  this  class  of  NRTP  neurons  stems  from 
the  fact  that  almost  the  total  efferent  projection  of  the  NRTP  goes  to  the 
cerebellum.24  This  indicates  that  the  combined  visual/movement  field  type 
of  information  is  probably  projected  onto  the  cerebellum.  Thus  the  cerebel¬ 
lum  receives  both  visual  information  about  intended  target  position  and  informa¬ 
tion  about  the  saccade  to  this  target.  Furthermore,  both  pieces  of  information  are 
spatially  coded.  On  the  basis  of  current  reports  concerning  cerebellar  discharge 
related  to  saccadic  eye  movements,  it  appears  that  Purkinje  cell  (cerebellar 
cortex  output)  activity  is  temporally  coding  saccadic  metrics.25-27  Therefore,  a 
spatial-to-temporal  transformation  may  be  hypothesized  to  occur  in  this  part  of 
the  brain. 
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The  discovery  that  many  units  in  the  primate  NRTP  respond  in  a  direction- 
selective  fashion  to  the  motion  of  discrete  visual  targets  came  as  a  surprise  to  us 
and  emphasizes  again  the  differences  in  the  neural  organization  of  the  foveate 
and  nonfoveate  OK  pathways.  It  seems  unlikely  that  these  units  play  a  role  in 
generating  OK  eye  movements  or  the  OK  response  in  Vn,  since  they  did  not 
respond  at  all  to  the  motion  of  the  drum.  However,  Koerner  and  Schiller  found 
that  discrete  spots  of  the  same  size  (1°  of  angle)  used  in  the  present  study  could 
induce  "optokinetic”  following  movements  in  their  monkeys  under  open-loop 
conditions.20  It  might  be  argued  that  such  movements  are  smooth-pursuit  eye 
movements,  but  in  any  case,  the  more  complex  nature  of  OK  eye  movements  and 
its  neural  organization,  including  the  NRTP  in  the  primate  as  compared  to  the 
rabbit  or  rat,  is  thus  further  underscored. 
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Introduction 

The  number  of  other  papers  in  this  volume  that  detail  various  interactions 
between  the  visual  and  vestibular  systems  attest  to  the  fertility  of  this  area  of 
investigation,  although  it  is  not  yet  clear  how  such  interactions  subserve  the 
well-known  phenomena  of  the  constancy  of  visual  perceptions.  In  fact,  relatively 
little  is  known  about  the  impact  that  vestibular  input  has  upon  the  processing  of 
information  in  the  primary  visual  system. 

The  functional  architecture  of  this  system,  especially  at  the  level  of  the  visual 
cortex,  is  quite  elaborate  and,  after  early  visual  experience,  quite  rigidly  fixed. 1-4 
The  functional  characteristics  of  individual  cells  in  the  system  can  be  described 
rigorously  in  terms  of  the  parameters  of  stimuli  presented  in  the  visual  field  to 
which  they  respond.  In  the  few  studies  that  have  examined  the  effects  of 
vestibular  stimuli  upon  the  processing  of  visual  information,  the  order  and 
predictability  that  might  have  been  expected  from  the  nature  of  this  system  have 
not  been  found.517 

The  present  work  investigated  the  effects  of  alterations  in  vestibular  inputs 
upon  the  receptive  field  properties  of  cells  in  the  visual  cortex  of  the  cat,  using 
the  basic  techniques  described  by  Hubei  and  Wiesel.’"4  Data  are  presented  on  24 
cells  in  which  vestibular  input  was  varied  by  tilting  the  animal's  head.  Data  are 
also  presented  on  8  other  cells  in  which  vestibular  input  was  varied  by  intrave¬ 
nous  injection  of  deuterium  oxide  (heavy  water).18  Both  types  of  vestibular 
manipulation  produced  pronounced  changes  in  the  receptive  field  characteris¬ 
tics  of  cortical  cells  that  have  not  been  reported  in  previous  studies. 


Methods 

Animal  Preparation  and  Data  Collection 

Under  general  anesthesia,  a  clamping  block  was  mounted  stereotaxically  on 
the  skull  of  each  mature,  normal  cat.  When  an  animal  was  to  be  used  in  an 
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electrophysiological  experiment,  always  at  least  one  week  after  mounting  the 
clamping  block,  this  block  allowed  the  animal  to  be  positioned  in  a  standard 
stereotaxic  device  without  being  subjected  to  pressure  points  or  known  sources  of 
painful  stimulation.  Under  haIothane-02  anesthesia,  the  animal  was  positioned 
in  the  stereotaxic  device,  holes  were  drilled  through  the  skull  over  the  visual 
cortex  to  admit  tungsten  microelectrodes,  and  the  exposed  skin  edges  were 
infiltrated  periodically  with  xylocaine.  Intravenous  and  endotracheal  cannulae 
were  introduced,  and  contact  lenses  were  inserted  to  protect  the  corneas.  The 
nictitating  membranes  were  retracted  with  phenylephrine,  and  atropine  was 
used  to  dilate  the  pupils.  At  least  90  minutes  prior  to  recording,  the  haIothane-02 
anesthesia  was  discontinued,  the  animal  was  immobilized  by  the  intravenous 
injection  of  pancuronium  bromide  (Pavulon),  and  artificial  ventilation  was 
initiated.  Electroencephalograph  (EEG),  electrocardiograph  (ECG),  core  temper¬ 
ature,  and  expired  C02  were  monitored  periodically. 

Visual  stimuli,  as  bars  of  light,  were  projected  with  a  hand-held  ophthalmo¬ 
scope  on  a  Plexiglas  screen  covered  with  Albanene  tracing  paper,  which  was 
positioned  81  cm  in  front  of  the  animal.  The  projections  of  the  optic  disks  were 
plotted  on  the  screen,  and  their  positions  were  rechecked  periodically  to  verify 
that  the  eyes  had  not  moved.  Muscular  paralysis  prevented  any  such  movement 
in  all  animals.  The  receptive  fields  of  individual  visual  cortical  neurons  were 
plotted  on  the  tracing  paper,  which  provided  a  permanent  record.  The  audio 
output  of  a  standard  microelectrode  amplifier  (GRASS  P511)  provided  the 
primary  means  of  distinguishing  the  responsivity  of  the  cell  being  examined, 
although  a  digitized  output  also  was  available. 

After  plotting  the  receptive  field  with  the  animal’s  head  in  a  horizontal 
position  (orientation),  the  head  was  tilted  30°  to  the  animal’s  right  (right-tilt 
orientation)  and  the  receptive  field  was  plotted  again.  When  possible,  the  field 
was  plotted  again  with  the  head  tilted  30°  to  the  left  of  horizontal  (left-tilt 
orientation).  Receptive  field  plotting  was  commenced  within  1  or  2  minutes  after 
the  head  was  moved.  The  characteristics  of  the  receptive  fields  remained  stable 
for  the  periods  of  more  than  one  hour  during  which  the  head  was  usually  left  in  a 
particular  orientation.  Whenever  possible,  the  receptive  field  for  the  horizontal 
orientation  was  replotted  after  returning  the  animal’s  head  to  the  horizontal 
orientation.  In  all  such  cases,  the  characteristics  of  the  replotted  receptive  field 
were  identical  to  those  initially  observed  in  the  horizontal  orientation.  The  actual 
movement  of  the  head  to  one  side  or  the  other  often  resulted  in  the  loss  of  the  unit 
being  investigated,  which  prevented  the  completion  of  a  full  set  of  receptive  field 
plots  for  some  cells.  In  some  animals,  following  the  receptive  field  plot  in  the 
horizontal  orientation,  heavy  water  (deuterium  oxide)  was  introduced  intrave¬ 
nously  (4  ml/kg)  and  the  receptive  field  was  replotted  at  15-minute  intervals. 


Calculation  of  Receptive  Field  Characteristics 

When  the  animal’s  head  was  in  the  horizontal  orientation,  the  positions  of  the 
optic  axes  of  the  eyes  were  plotted  on  the  stimulus  screen  and  joined  by  a  line. 
The  position  of  the  axis  about  which  the  animal’s  head  was  rotated  also  was 
plotted  on  the  screen.  A  line  passing  through  this  axis  of  rotation  and  perpendicu¬ 
lar  to  the  line  joining  the  optic  axes  was  equidistant  from  each  eye  and,  thus, 
equally  divided  the  visual  field.  It  was  also  vertical,  i.e.,  in  line  with  the 
gravitational  force  vector.  When  the  animal’s  head  was  tilted  30°  from  the 
horizontal,  this  line  also  tilted  by  an  equal  amount  and  maintained  its  relation- 
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ship  to  the  positions  of  the  optic  axes.  Of  course,  with  the  head  tilted,  the  line  no 
longer  was  parallel  to  gravity.  Since  the  position  of  this  line  was  defined  with 
reference  to  the  visual  field,  or  animal,  and  not  to  the  gravitational  vertical,  it  was 
termed  the  subjective  vertical  meridian.  This  subjective  vertical  meridian  and 
the  position  of  the  axis  of  rotation  were  used  as  reference  points  for  calculation  of 
receptive  field  characteristics. 

For  data  analysis,  the  geometric  center  of  each  receptive  field  plotted  was 
determined  and  the  perpendicular  distance  between  this  point  and  the  subjective 
vertical  meridian  was  measured.  The  dimensions  of  the  receptive  field  were  also 
measured.  A  line  was  constructed  that  passed  through  the  center  of  the  receptive 
field  and  was  parallel  to  the  long,  or  major,  axis  of  the  receptive  field.  7*he 
intersection  of  this  line  with  the  subjective  vertical  meridian  was  used  to 
determine  the  angle  of  the  major  axis. 

Details  of  receptive  field  characteristics  were  obtained  from  24  cells  with  the 
animal’s  head  in  both  the  horizontal  orientation  and  at  least  one  tilt  orientation. 
For  17  cells,  data  were  obtained  for  both  right-  and  left-tilt  orientations.  Thus,  41 
distinct  receptive  field  plots  were  made,  with  each  plot  deriving  from  a  particular 
cell  with  the  head  in  a  particular  tilt  orientation.  The  receptive  field  characteris¬ 
tics  of  each  of  these  41  cell-tilt  combinations  were  compared  with  those  obtained 
for  the  same  cell  with  the  head  in  the  horizontal  orientation.  Thus,  the  horizontal 
orientation  data  obtained  for  each  cell  served  as  the  baseline,  or  control, 
comparison  for  the  data  obtained  from  the  same  cell  after  the  head  was  tilted. 
The  receptive  field  characteristics  for  each  cell-tilt  combination  were  expressed 
as  changes  (i.e.,  changes  in  distance  from  the  subjective  vertical  meridian, 
changes  in  area,  and  changes  in  major  axis  angle)  from  the  control  comparison. 


Results 

Receptive  Field  Plots 

If  alterations  in  vestibular  information  had  no  impact  upon  visual  cortical 
cells,  then  all  characteristics  of  the  receptive  field  plot  obtained  in  the  horizontal 
orientation  should  remain  unchanged  following  head  tilt  except  for  a  rotation  in 
the  same  direction  and  by  the  same  amount  as  the  rotation  of  the  head.  Since  the 
receptive  field  characteristics  were  calculated  relative  to  the  subjective  vertical 
meridian,  the  values  obtained  from  a  particular  cell  in  the  tilted  orientation  in 
this  case  would  be  identical  to  those  obtained  in  the  horizontal  orientation  for  the 
same  cell.  This  would  be  true  as  long  as  tilting  did  not  affect  the  positions  of  the 
eyes  in  their  orbits,  which  in  these  experiments  was  the  case.  Thus,  stimulation  of 
the  same  retinal  coordinates  would  drive  the  cortical  cell  regardless  of  head 
orientation. 

Figure  1  includes  the  experimentally  determined  receptive  field  plots  for  a 
cell  with  the  head  in  the  horizontal,  right-tilt,  and  left-tilt  orientations.  The  plots 
with  the  dashed  borders  are  identical  to  the  horizontal  plot  except  that  they  have 
been  rotated  geometrically  30°  to  the  left  and  the  right  and,  therefore,  demon¬ 
strate  "no  change”  relative  to  the  subjective  vertical  meridian.  These  "no¬ 
change”  plots  indicate  how  the  receptive  field  plots  of  this  cell  would  appear 
after  head  tilting  if,  in  fact,  head  tilt  had  no  effect  upon  the  cell.  Subsequent 
calculations  for  each  cell  can  be  conceptualized  as  comparisons  of  the  various 
characteristics  of  experimentally  determined  fields  with  such  no-change  plots. 
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The  experimentally  determined  receptive  field  plots  for  six  cells  are  repro¬ 
duced  in  Figure  2.  The  plots  in  Figure  2A  are  the  same  as  those  shown  in  Figure 
1.  For  the  sake  of  compactness,  plots  obtained  in  both  the  right-  and  left-tilt 
orientations  have  been  rotated  geometrically  30°  back  toward  the  horizontal. 
No-change  plots,  such  as  those  in  Figure  1,  would  be  exactly  superimposable 
upon  and  indistinguishable  from  the  horizontal  plot  in  all  cases  following  such 
geometrical  rotations.  Figure  2  demonstrates  the  extent  to  which  tHs  does  not 
occur  with  actual  experimental  plots.  As  a  general  rule,  the  horizontal  receptive 
field  characteristics  are  not  reproduced  exactly  after  tilting. 


Lxxa 

R  . 


Figure  1.  The  rectangles  with  the  solid  borders  represent  receptive  fields  of  a  visual 
cortical  cell  plotted  with  the  animal  in  the  horizontal  (H),  right-tilt  (R),  and  left-tilt  |L) 
orientations.  The  cell  was  monocularly  driven  through  the  left  eye  and  is  identified  as  A  in 
Figure  2  and  Table  1.  The  right-  and  left-tilt  rectangles  with  the  dashed  borders  represent 
the  no-change  plots  that  are  produced  by  simple  30°  geometrical  rotations  of  the  experi¬ 
mentally  determined  horizontal  receptive  field.  These  no-change  plots  would  be  identical 
to  the  right-  and  left-tilt  receptive  fields  if  changes  in  head  position  did  not  affect  the  cell. 
In  the  case  of  this  cell,  tilting  resulted  in  changes  in  receptive  field  positions,  areas,  and 
major  axis  angles.  Legend:  left  optic  disk  (L.O.D.)  locations  in  the  horizontal  |H),  right-tilt 
(R),  and  left-tilt  (L|  orientations;  the  x  symbol  indicates  the  position  of  the  axis  of  rotation. 


Changes  in  Receptive  Field  CharacteristicsfoIIowing  Tilting 

Changes  in  the  perpendicular  distance  from  the  subjective  vertical  meridian 
of  the  receptive  field  center  for  each  of  the  41  cell-tilt  combinations  relative  to  its 
horizontal  orientation  comparison  are  summarized  in  Figure  3.  In  39%  of  these 
cell-tilt  combinations,  the  distance  between  the  receptive  field  center  and  the 
subjective  vertical  meridian  was  reduced  by  more  than  10%  compared  to  the 
distance  in  the  horizontal  orientation.  In  29%  of  the  cell-tilt  combinations,  the 
distance  increased  by  more  than  10%.  Increases  or  decreases  of  10%  or  less 
characterized  the  remaining  cell-tilt  combinations.  As  indicated  in  Table  1,  only 


* 


266 


Annals  New  York  Academy  of  Sciences 


3  of  the  11  cell-tilt  combinations  in  the  examples  from  Figure  2  fell  into  this 
latter,  “unchanged,”  classification. 

In  Figure  2,  cell  A  is  the  only  one  in  which  the  effect  on  distance  was  in  the 
same  direction  (i.e.,  increased)  for  both  left  and  right  tilts.  However,  data  on  both 
tilts  were  available  for  17  of  the  24  cells,  and  of  these,  8  demonstrated  tilt-induced 
distance  shifts  in  the  same  direction  (i.e.,  either  increases  or  decreases  following 
both  left  and  right  tilts). 

Changes  in  the  receptive  field  area  for  each  of  the  41  ceil-tilt  combinations 
relative  to  its  horizontal  orientation  comparison  are  summarized  in  Figure  4.  In 
54%  of  the  cell-tilt  combinations,  the  receptive  field  area  decreased  by  more  than 
10%  compared  to  the  area  in  the  horizontal  orientation.  In  34%  of  the  cell-tilt 


Figure  2.  Examples  of  tilting  effects  on  six  cells.  The  right-tilt  (R)  and  left-tilt  (L) 
receptive  fields  have  been  rotated  30°  back  toward  the  horizontal  (H)  receptive  field  for  the 
sake  of  comparison  and  compactness.  If  tilting  had  no  effect  on  receptive  field  characteris¬ 
tics,  then  the  R  and  L  fields  would  be  superimposed  exactly  upon  the  H  field. 


combinations,  the  area  increased  by  more  than  10%  .  The  remaining  cell-tilt 
combinations  exhibited  either  increases  or  decreases  of  10%  or  less.  None  of  the 
11  cell-tilt  combinations  reproduced  in  Figure  2  were  classified  as  unchanged  in 
area.  The  increases  and  decreases  in  area  for  these  examples  are  detailed  in 
Table  1. 

In  3  of  the  cells  in  Figure  2,  both  left  and  right  tilts  influenced  area  changes  in 
the  same  direction  (i.e.,  either  increases  or  decreases  in  area  following  both  tilts). 
Of  the  total  of  17  cells  available  for  such  comparison,  10  exhibited  tilt-induced 
area  changes  in  the  same  direction.  At  least  for  area  changes,  knowledge  of  the 
response  of  a  cell  to  tilting  in  one  direction  allows  some  predictability  about  the 
response  of  the  cell  following  a  tilt  in  the  other  direction. 

The  correspondence  between  simultaneous  changes  in  both  distance  and 
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Figure  3.  Changes  in  distance  following  tilt.  The  perpendicular  distance  from  the 
subjective  vertical  meridian  to  the  center  of  the  receptive  field  for  each  cell-tilt  combina¬ 
tion  (n  -  41)  was  compared  with  that  observed  for  the  same  cell  when  the  animal  was  in  the 
horizontal  orientation.  Receptive  fields  were  classified  according  to  whether  the  distance 
from  the  suhjective  vertical  meridian  increased  (by  more  than  10'// ),  decreased  (by  more 
than  10'// ).  or  remained  unchanged  (increases  or  decreases  of  10'//  or  lessl  following 
tilting. 


area  following  a  single  tilt  is  very  small.  In  only  15  of  the  41  cell-tilt  combinations 
were  the  effects  of  tilt  the  same  on  both  variables  (i.e.,  increases  or  decreases  or 
no  changes  in  both  variables).  As  noted  in  Table  1,  the  examples  in  Figure  2 
include  5  of  these  15  cell-tilt  combinations. 

Changes  in  the  angle  of  the  major  axis  of  the  receptive  field  for  each  cell-tilt 
combination  relative  to  its  horizontal  orientation  comparison  are  summarized  in 
Figure  5.  If  the  angle  of  the  major  axis  of  a  receptive  field  remained  unchanged 


Table  1 

Classification  of  Characteristics  of  Receptive  Fields  Shown  in  Figure  2 


Cell 

Tilt 

Distance 

Area 

Angle 

A 

right 

increased 

decreased 

full  compensation 

left 

unchanged 

decreased 

partial  compensation 

H 

right 

unchanged 

decreased 

large  overshoot 

left 

decreased 

increased 

partial  compensation 

C 

right 

decreased 

increased 

moderate  overshoot 

D 

right 

increased 

increased 

large  overshoot 

left 

decreased 

decreased 

full  compensation 

E 

right 

unchanged 

decreased 

no  compensation 

left 

decreased 

decreased 

no  compensation 

F 

right 

increased 

increased 

no  compensation 

left 

increased 

increased 

moderate  overshoot 
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(±7°)  with  respect  to  the  subjective  vertical  meridian,  the  cell-tilt  combination 
was  classified  as  “none,”  i.e.,  showing  no  compensation  for  the  tilt.  Approxi¬ 
mately  32%  of  the  cell-tilt  combinations  fell  into  this  category.  In  the  greatest 
number  of  cell-tilt  combinations,  the  angle  of  the  major  axis  shifted  in  the 
direction  of  the  tilt.  Shifts  of  more  than  7°  but  not  more  than  25°  were  classified 
as  “moderate  overshoot”  and  accounted  for  nearly  20%  of  the  cell-tilt  combina¬ 
tions.  Shifts  in  excess  of  25°,  “large  overshoot,"  occurred  in  27%  of  the  cell-tilt 
combinations.  Major  axes  that  shifted  by  more  than  25°  in  a  direction  opposite  to 
that  of  the  head  tilt  were  said  to  exhibit  “full”  compensation.  Full  compensation 
was  seen  in  10%  of  the  cell-tilt  combinations,  while  12%  exhibited  “partial” 
compensation,  which  was  defined  as  shifts  of  more  than  7°  but  not  more  than  25° 
in  a  direction  opposite  to  that  of  the  head  tilt. 

It  should  be  noted  that  the  method  used  to  determine  the  angle  of  the  major 
axis  was  independent  of  the  distance  and  size  variables.  For  example,  in  Figure 
2,  although  the  areas  and  distances  for  cell  E  shift  somewhat  after  tilting,  the 
major  axes  in  both  cell-tilt  combinations  demonstrated  no  compensation.  Exam¬ 
ples  of  all  five  categories  of  major  axis  angle  change  are  included  in  Figure  2, 
and  Table  1  provides  a  key  to  the  categorization. 

There  does  not  appear  to  be  any  relationship  between  the  angle  of  the  major 


Figure  4.  Changes  in  area  following  tilt.  The  area  of  the  receptive  field  for  each  cell-tilt 
combination  |n  -  41)  was  determined  and  compared  with  that  observed  when  the  animal 
was  in  the  horizontal  orientation.  Receptive  fields  were  classified  according  to  whether 
their  area  increased  (by  more  than  10%),  decreased  (by  more  than  10%),  or  remained 
unchanged  (increases  or  decreases  of  10%>  or  less)  following  tilting. 
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Overshoot 

Ficure  5.  Tilt  compensation  of  major  axis.  The  effects  of  tilting  upon  the  angle  of  the 
major  axis  of  the  receptive  field  relative  to  the  subjective  vertical  meridian  are  categorized. 
Major  axes  that  remained  stable  (±7°)  with  respect  to  the  subjective  vertical  meridian 
following  tilting  exhibited  no  compensation  (i.e.,  “none"|.  Axes  that  shifted  in  the  direction 
of  the  tilt  exhibited  either  "moderate  overshoot"  (shifts  of  more  than  7°  but  not  more  than 
25°)  or  "large  overshoot"  (shifts  in  excess  of  25°).  Axes  that  shifted  in  a  direction  opposite  to 
that  of  the  tilt  exhibited  either  "partial"  compensation  (shifts  of  more  than  7°  but  not  more 
than  25°)  or  “full”  compensation  (shifts  in  excess  of  25°).  For  each  cell-till  combination  (n  - 
41 1,  shifts  were  determined  by  comparison  with  the  angle  of  the  major  axis  when  the 
animal  was  in  the  horizontal  orientation. 


axis  following  tilting  in  one  direction  and  the  angle  following  tilting  in  the 
opposite  direction.  Furthermore,  it  has  not  been  possible  to  establish  any 
relationship  between  the  effects  of  tilting  on  the  angle  of  the  major  axis  and 
either  the  distance  or  area  variables. 


Changes  in  Receptive  Field  Characteristics  following  Heavy  Water 

Receptive  field  characteristics  were  plotted  for  eight  cells  immediately  before 
and  for  several  hours  after  an  intravenous  injection  of  heavy  water  (4  ml/kg).  All 
plots  were  made  with  the  animal  in  the  horizontal  orientation.  For  each  cell,  the 
plot  made  immediately  before  the  administration  of  heavy  water  was  used  as  the 
baseline,  or  control,  comparison  for  subsequent  plots.  These  subsequent  plots 
were  made  at  15-minute  intervals  for  more  than  5  hours  after  ;he  administration 
of  heavy  water. 

Postinjection  changes  in  receptive  field  area  were  calculated  for  each  recep¬ 
tive  field  plot  for  each  cell  relative  to  its  preinjection  control  comparison.  Figure 
6  summarizes  these  results  by  presenting  averages  for  the  eight  cells  at  15-minute 
intervals  following  the  heavy-water  injection.  The  general  trend  was  a  rapid  and 
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large  increase  in  receptive  field  area  following  the  administration  of  heavy 
water.  The  increased  area  remained  more  or  less  constant  for  a  period  of  time, 
after  which  the  receptive  field  gradually  returned  to  its  original  size  and 
remained  stable.  The  most  rapid  return  to  original  size  required  only  1.25  hours, 
while  the  slowest  return  required  4.75  hours.  The  average  time  required  was  3.25 
hours.  Following  the  return  to  original  size,  these  receptive  fields  remained 
stable  for  as  long  as  they  were  observed,  which  was,  in  some  cases,  for  several 
additional  hours. 

Figure  6  unfortunately  obscures  the  fact  that  in  three  of  these  eight  cells,  the 
increase  in  receptive  field  area  was  preceded  by  a  more  transient  decrease  in 
relative  area.  In  two  of  these  cells  this  transient  phase  lasted  for  over  1  hour, 
while  in  the  third  it  lasted  only  10  minutes.  Figure  7  provides  a  composite  of  the 
receptive  field  plots  for  this  third  cell,  which  includes  the  plots  made  5  and  10 
minutes  after  the  administration  of  heavy  water. 

In  general,  there  was  little  change  in  the  perpendicular  distance  of  the 
receptive  field  centers  following  the  administration  of  heavy  water.  Only  one  of 
the  eight  cells  showed  a  fluctuation  of  the  angle  of  the  major  axis  of  the  receptive 
field  greater  than  ±2°. 


Hoars  After  DjO  Injection 

Ficijre  6.  Log  of  the  average  changes  in  receptive  field  area  as  a  function  of  time 
following  the  intravenous  administration  of  heavy  water  (D20)  is  presented  for  eight  cells 
examined  in  the  horizontal  orientation. 
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Figure  7.  Composite  of  the  receptive  field  plots  for  a  single  cell  both  before  (dashed 
rectangle)  and  after  the  administration  of  heavy  water.  The  two  smaller  fields  were  plotted 
5  and  10  minutes  after  the  administration  of  heavy  water.  The  next  plot  was  made  5  minutes 
later,  and  subsequent  plots  were  made  at  15-minute  intervals  until  the  receptive  field 
returned  to  its  original  size. 


Discussion 

Once  the  receptive  field  of  a  given  cortical  cell  was  determined  with  the 
animal’s  head  in  the  horizontal  orientation,  it  was  easy  to  determine  the  expected 
position  of  the  receptive  field  following  head  tilting  if,  in  fact,  the  visual  system 
does  not  respond  to  changes  in  head  orientation.  Given  the  fact  that  no  eye 
movement  accompanied  tilting,  the  only  receptive  fields  that  would  correspond 
to  stimulation  of  the  same  portions  of  the  retina  would  be  no-change  plots  such  as 
those  depicted  in  Figure  1.  None  of  the  receptive  fields  in  the  41  cell-tilt 
combinations  reported  here  corresponded  with  such  no-change  plots  for  all  three 
of  the  variables. 

Thus,  the  receptive  field  of  a  given  visual  cortical  cell  and,  correlatively,  the 
retinal  area  that  activates  that  cell  are  not  rigidly  fixed  but,  rather,  vary  according 
to  the  information  received  from  other  sensory  systems  concerning  head  position. 
There  have  been  other  reports  that  suggest  that  the  response  properties  of  visual 
cortical  cells  are  not  immutable.'9  2i  Fluctuations  in  preferred  stimulus  orienta¬ 
tion  and  direction  of  movement  have  been  reported  to  occur  as  a  function  of  time 
with  no  other  known  correlates.7,25  Such  time-dependent  fluctuations  are  not 
widely  supported  in  the  literature,26,27  and  were  not  observed  with  the  variables 
measured  here. 

The  only  study  in  the  literature  that  is  nearly  comparable  with  the  present  one 
examined  the  effects  of  head  tilt  on  only  one  variable,  namely,  orientation 
specificity.5  Of  the  33  cell-tilt  combinations  reported  there,  36%  exhibited  no 
compensation,  which  compares  favorably  with  the  327.  indicated  in  Figure  5. 
Only  337.  of  the  cell-tilt  combinations  exhibited  overshoot,  in  contrast  to  the  447. 
shown  in  Figure  5.  More  recently,  a  similar  study  reported  that  447.  of  the 
cell-tilt  combinations  exhibited  no  compensation  with  307.  exhibiting  overshoot 
and  267.  demonstrating  some  compensation.9  Other  investigators,  after  tilting  the 
whole  body,  reported  that  the  majority  of  cells  exhibited  either  no  compensation 
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or  overshoot.6  8  A  small  number  of  cells  exhibited  alterations  in  receptive  field 
size  or  shape. 

Confirmation  of  the  role  of  the  vestibular  system  in  producing  the  tilt-induced 
receptive  field  alterations  derives  from  the  heavy-water  experiment.  The  inges¬ 
tion  of  heavy  water  produces  a  profound  vestibular  effect  that  closely  resembles 
positional  alcohol  nystagmus.18  This  effect  is  apparently  due  to  the  creation  of  a 
heavy  area  in  the  endolymph  ring  of  the  semicircular  canals  when  heavy  water  is 
acquired  from  the  circulation.  No  other  interactions  of  heavy  water  with  either 
the  sensory  or  nervous  systems  have  been  reported.  Since  heavy  water  produced 
a  large  effect  on  the  area  variable,  a  very  much  smaller  effect  on  the  distance 
variable,  and  no  effect  on  the  angle  of  the  major  axis,  the  area  variable  would 
appear  to  be  the  one  most  clearly  established  as  being  affected  by  vestibular 
input.  However,  while  some  other  source  of  information  about  orientation,  such 
as  the  proprioceptors,  may  influence  the  other  variables,  the  heavy-water  effect 
does  not  rule  out  the  possibility  of  a  vestibular  interaction. 

Preliminary  analysis  of  some,  as  yet  incomplete,  data  indicates  that  both  head 
tilt  and  heavy-water  administration  increase  the  background,  or  spontaneous 
(i.e.,  the  nonvisually  driven),  firing  rate  of  visual  cortical  neurons  but  not  of 
nonvisual  cortical  neurons.  Similar  reports  of  vestibular  influence  on  sponta¬ 
neous  activity  in  the  visual  system  have  previously  appeared;14  16  28  but  it  is 
impossible  to  speculate  upon  the  relationship  between  such  variations  in  sponta¬ 
neous  activity  and  the  receptive  field  lability  shown  here.  Reported  effects  of 
visual  stimulation  on  the  vestibular  system  only  serve  to  emphasize  the  likely 
complexity  of  visual-vestibular  interactions.2930  Recent  work  with  humans 
demonstrating  that  visual  perceptions  are  sensitive  to  both  proprioceptive  and 
auditory  inputs  while  vestibular  input  is  varied,  dramatically  emphasizes  the 
need  for  further  information  on  any  such  interactions.31 
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In  humans  the  sensation  of  self-rotation  can  be  induced  by  moving  a  large 
visual  field  around  the  stationary  subject.  This  sensation  was  first  investigated  by 
Mach  and  later  called  circularvection  (CV).’7  This  visually  induced  sensation  of 
self-rotation  implies  a  high  degree  of  visual-vestibular  convergence  in  central 
nervous  structures. 

In  neurophysiological  studies  such  interaction  already  has  been  demonstrated 
at  the  level  of  the  vestibular  nuclei,  only  one  synapse  away  from  the  vestibular 
nerve.1"15-19  Additional  visual-vestibular  interaction  along  the  vestibulocortical 
pathway  has  been  demonstrated  at  both  the  thalamic  and  the  cortical  level.679 

In  functional  terms,  the  vestibular  end  organ  can  only  detect  accelerations 
whereas  the  visual  system  can  also  detect  constant-velocity  rotation.  Conver¬ 
gence  of  these  two  inputs  therefore  should  make  it  possible  to  derive  an  output 
encoding  actual  velocity  over  a  wide  range,  from  constant  velocity  to  high 
accelerations.  Analysis  of  single-unit  recordings  in  the  vestibular  nuclei  supports 
this  notion.20 

Experiments  were  designed  to  explore  the  upper  frequency  limit  of  sinusoidal 
rotation  of  the  visual  surround,  which  can  lead  either  to  CV  in  humans  or  to 
modulation  of  vestibular-unit  activity  in  the  monkey.  In  the  experiments,  two 
paradigms  were  used: 

1.  Human  subjects  were  exposed  to  sinusoidal  rotation  of  an  optokinetic 
cylinder  totally  enclosing  the  subject.  Stimulus  frequency  of  cylinder  rotation 
was  increased  until  subjects  no  longer  experienced  CV  and  only  perceived 
motion  of  the  surround.  All  subjects  experienced  at  least  partial  CV,  even  at 
stimulus  frequencies  above  1  Hz. 

2.  Monkeys  also  were  exposed  to  sinusoidal  cylinder  rotation  of  different 
frequencies,  and  single-unit  responses  were  measured  in  the  vestibular  cortex 
(area  2v).6'3  Comparison  of  these  responses  to  those  of  the  vestibular  nuclei 
shows  that  cortical  neurons  respond  over  a  wider  range  of  visual  frequencies  and 
therefore  must  receive  additional  visual  input. 

Methods 

Psychophysics 

Six  healthy  subjects  (25-40  years  old)  with  normal  peripheral  vision  and  no 
history  of  vestibular  disorders  participated.  Subjects  sat  on  a  chair  that  was 
completely  surrounded  by  a  cylinder  (diameter,  140  cm)  covered  with  vertical 
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black  and  white  stripes,  each  7.5°  wide  (Figure  1).  The  cylinder  was  driven  by  a 
torque  motor  and  rotated  sinusoidally  around  the  stationary  subject.  The  applied 
frequencies,  accelerations,  velocities,  and  position  changes  are  shown  in  Table  1. 
Trials  were  given  in  random  order,  with  an  intermission  to  keep  subjects  alert 
and  to  avoid  motion  sickness.  Each  stimulus  sequence,  which  lasted  about  1  hour, 
was  repeated  three  times. 

Subjects  were  instructed  to  indicate  verbally  the  maximal  amount  of  CV  (i.e., 
sensation  of  self-rotation)  that  they  experienced  during  each  sinusoidal  cycle.  It 
ranged  from  full  CV  (100%;  only  self-rotation,  no  cylinder  rotation,  perceived)  to 
no  CV  (0%;  only  cylinder  rotation).  Intermediate  values  were  given  in  percent  of 
self-rotation  in  five  steps  (20,  40,  50,  60,  and  80%).  Fifty  percent  would  indicate 
the  perception  that  total  relative  motion  is  half  cylinder  and  half  self-rotation. 


Neurophysiology 

Monkeys  were  prepared  chronically  for  single-unit  recordings.5  Eye  position 
was  recorded  with  implanted  d.c.  Ag-AgCl  electrodes. 

Monkeys  sat  upright  in  a  primate  chair  with  the  head  fixed  and  tilted  25° 
forward  in  order  to  bring  the  horizontal  semicircular  canals  in  the  plane  of 
rotation.  For  pure  vestibular  stimulation,  animals  were  sinusoidally  rotated  about 
a  vertical  axis  at  frequencies  between  0.005  and  1  Hz  in  the  dark.  For  visual 
stimulation,  a  striped  cylinder  similar  to  the  one  shown  in  FIGURE  1  was  rotated 
sinusoidally  around  the  stationary  monkey.  Parameters  for  visual  stimulation  are 
given  in  Table  2. 

All  relevant  data  (neuronal  activity,  horizontal  and  vertical  eye  position, 
cylinder  and  turntable  velocity)  were  stored  on  FM  magnetic  tape.  For  analysis, 
data  were  written  out  on  a  six-channel  oscillograph.  Unit  activity  was  analyzed 
using  instantaneous  and  average  frequency,  i.e.,  running  average  over  250 
mseconds  with  display  update  every  100  mseconds.  Phase  relations  of  vestibular 
neurons  were  determined  using  a  Fourier  analysis  program  on  a  PDP  11/40 
computer.* 


Results 

Psychophysics 

The  amounts  of  CV  during  different  frequencies  of  stimulation  and  acce  na¬ 
tions  for  one  subject  are  shown  in  Figure  2.  This  subject  experienced  CV  al  " 
frequencies  when  maximal  acceleration  was  5°/second2.  The  highest  frequency 
was  limited  to  2  Hz  at  this  acceleration.  At  5  Hz,  total  cylinder  displacement 
would  be  only  0.01°,  which  cannot  be  detected  reliably  if  no  stationary  points  of 
reference  are  visible.  Therefore,  the  upper  frequency  limit  was  chosen  to  be  that 
frequency  at  which  all  subjects  still  perceived  object  motion.  The  amount  of  CV 
decreases  with  higher  accelerations  and  higher  sinusoidal-stimulus  frequencies. 

At  low  frequencies,  periods  of  full  CV  alternate  with  periods  of  pure  object 
motion  during  one  cycle.3  Also,  the  relative  amount  of  CV  changes  during  the 
course  of  one  sinusoidal  cycle.  Therefore,  subjects  were  instructed  to  indicate 
only  the  maximal  CV  for  each  trial. 

All  subjects  experienced  full  CV  at  low-frequency  stimulation  and  low 
acceleration  (Figure  3).  With  increasing  frequencies  and  accelerations,  all  expe- 
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Figure  1.  Optokinetic  cylinder  with  sliding  doors  to  completely  enclose  the  subject. 


Table  1 


Parameters  of  Sinusoidal  Cylinder  Rotation  Used  for  Phychophysical 
Experiments  in  Humans 


Frequency 

(Hz) 

Maximum  Acceleration* 
(deg/sec2) 

Maximum  Velocity) 
(deg/sec) 

Total  Position  Change 
(degrees) 

0.01 

5;  10 

80;  159 

2546;  5062 

0.02 

5-20 

40-159 

636-2532 

0.05 

5-40 

16-127 

102-808 

5-40 

11-91 

50-414 

0.1 

5-40 

8-64 

25-204 

0.2 

5-160 

4-127 

6.4-202 

5-160 

1.6-51 

1.0-32 

1.0 

5-160 

0.8-25 

0.26-8  1 

2.0 

5-160 

0.4-12.7 

0.06-2.0 

5.0 

20-160 

0.6-5. 1 

0  04-0.32 

‘Maximum  accelerations  were  chosen  in  steps  as  5, 10,  20,  40,  80,  or  160°/second2. 
tMaximal  velocities  were  limited  to  159°/second. 
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rienced  a  combined  sensation  of  CV  and  object  motion.  During  combined 
sensation,  object  motion  and  CV  are  sensed  in  opposite  directions.3  Partial  CV 
was  definitely  present  at  1  and  2  Hz  (Figures  2  and  3).  At  these  frequencies,  all 
subjects  had  some  CV  for  all  accelerations,  at  least  in  one  trial.  At  5  Hz,  CV  was 
greatly  reduced  but  was  not  zero.  All  subjects  still  experienced  some  CV,  at  least 
in  one  trial.  The  curves  of  Figures  2  and  3  indicate  that  5  Hz  is  probably  the 
upper  frequency  limit  for  perceiving  CV. 


N  europhysiology 

Neurons  were  recorded  in  the  region  of  the  vestibular  cortical  projection 
(area  2v).M1318  It  is  located  in  the  transition  zone  of  areas  2,  5,  and  7. 4  Vestibular 
cortex  neurons  can  be  classified  as  type  I  or  II  according  to  the  nomenclature  of 
Duensing  and  Schaefer.12  Type  I  neurons  are  activated  with  angular  acceleration 
to  the  ipsilateral  side;  type  II  neurons,  to  the  contralateral  side. 

Average  activity  was  low  (about  8  impulses/second)  and  irregular.  Neurons 
showed  no  additional  modulation  with  eye  movements.6 


Table  2 

Parameters  of  Sinusoidal  Cylinder  Rotation  Used  for  Sincle-Unit  Recordings  in 


the  Vestibular  Cortex  (Area  2v)  of  the  Alert  Monkey 


Frequency 

(Hz) 

Maximum  Acceleration 
(deg/sec2) 

Maximum  Velocity 
(deg/sec| 

Total  Position  Change 
(degrees) 

0.01 

5. 6/6.9 

90/110 

2466/3503 

0.05 

22/28 

70/90 

445/573 

0.1 

28/44 

45/70 

143/223 

0.2 

38/57 

30/45 

48/72 

0.5 

50/69 

16/22 

10/14 

1.0 

75 

12 

3.8 

Unit  activity  was  related  to  turntable  velocity  using  a  Fourier  analysis 
program.  During  sinusoidal  rotation  at  0.1  Hz  in  the  dark,  neurons  showed  a 
phase  advance  of  0-20°  relative  to  turntable  velocity  (Figure  4).  There  was  no 
difference  in  the  response  of  type  I  and  II  neurons.  These  values  are  similar  to 
those  found  in  the  vestibular  nuclei  and  in  the  thalamus  of  the  alert  monkey.5814 

Vestibular  cortex  neurons  also  responded  to  large  moving  visual  fields,  which 
induce  optokinetic  nystagmus.  They  did  not  respond  to  small  moving  objects  or  to 
light-on  or  -off.  In  most  instances,  turntable  and  cylinder  had  to  move  in  opposite 
directions  to  elicit  an  activation.  Under  these  conditions,  vestibular  and  optokir 
netic  nystagmus  beat  into  the  same  direction. 

When  tested  with  sinusoidal  cylinder  rotation,  vestibular  cortex  neurons 
consistently  responded  over  a  wide  frequency  range.  Responses  were  then  in 
phase  with  cylinder  velocity  (Figure  5).  For  most  neurons,  the  sensitivity 
(impulses/second  per  degree/second)  increased  with  stimulus  frequencies  above 
0.1  Hz  (Figures  5  and  6).  These  response  characteristics  are  different  from  those 
found  in  the  vestibular  nuclei  (monkey,  personal  observation;  cat.  Reference  16), 
where  most  neurons  display  a  decreasing  gain  with  increasing  stimulus  frequen¬ 
cies  of  the  optokinetic  cylinder. 
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Figure  2.  Circularvection  (CV)  of  one  subject  during  different  frequencies  (abscissa)  and 
accelerations  (5-160°/second2)  of  sinusoidal  cylinder  rotation.  Ordinate  indicates  the 
relative  amount  of  CV  ranging  from  0%  (only  cylinder  rotation  perceived,  no  CV)  to  1007< 
(pure  CV,  no  cylinder  rotation).  Values  in  between  indicate  a  combined  perception  of 
cylinder  rotation  and  CV.  The  subject  was  asked  to  indicate  the  maximal  perceived  CV. 
The  relative  amount  of  CV  decreases  with  higher  frequencies  and  accelerations. 


Discussion 

Psychophysics 

Experiments  were  performed  to  measure  the  range  of  frequencies  and 
accelerations  under  which  CV  can  be  experienced.  CV  could  be  elicited  reliably 
up  to  2  Hz.  An  upper  frequency  limit  seems  to  occur  around  5  Hz  (Figure  3).  In 
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similar  experiments,  linearvection  (LV,  self-motion  perception  induced  by  linear 
visual  motion)  was  still  present  at  1  Hz,  the  highest  frequency  tested.210 

The  development  of  CV  is  highly  dependent  on  additional  parameters  like 
acceleration  and  velocity,  and  probably  also  on  the  size  of  position  changes. 
Brandt  el  a  1.  showed  that  CV  increases  linearly  up  to  120°/second  constant 
stimulus  velocity.3  With  few  exceptions,  we  kept  maximal  velocities  below 
120°/second  (Table  1).  Results  show  that  CV  decreases  if  accelerations  exceed 


cylinder  [Hi] 


Figure  3.  Averaged  CV  of  six  subjects  (each  subject,  three  trials)  during  different 
frequencies  and  accelerations  of  sinusoidal  cylinder  rotation.  Same  format  as  Figure  2.  The 
relative  amount  of  CV  decreases  little  up  to  0.1  Hz,  but  strongly  at  higher  frequencies.  At  5 
Hz,  only  a  minimal  amount  of  CV  remains.  CV  also  decreases  at  a  given  frequency  with 
increasing  accelerations,  particularly  above  20°/second!. 
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Figure  4.  Phase  relation  of  44  (22  type  I,  22  type  II)  vestibular  cortex  neurons  during 
sinusoidal  rotation  of  the  monkey  at  0.1  Hz  in  the  dark.  Ordinate,  number  of  neurons; 
abscissa,  phase  relation  between  neuronal  activity  and  turntable  velocity.  Most  neurons 
show  a  phase  advance  between  0-20°. 


10-20°/second2.  The  perception  of  CV,  depending  on  so  many  limiting  factors,  is 
highly  nonlinear. 

For  the  perception  of  self-motion,  the  central  vestibular  system  seems  to 
depend  primarily  on  two  sensory  channels;  the  visual  input  for  stimuli  in  the 
low-frequency  range  up  to  about  0.1  Hz,  and  the  vestibular  input  for  higher 
frequencies.  These  input  ranges  are  well  tuned  to  the  optimal  working  parame¬ 
ters  of  the  receptor  systems,  with  low  accelerations  and  constant  velocities  for  the 
visual  input  and  high  accelerations  for  the  peripheral  vestibular  organ.  A  model 
of  how  these  two  inputs  combine  has  been  proposed. 21  Basically,  the  two  inputs 


r 
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Figure  5.  Vestibular  cortex  neuron  (type  I,  recorded  on  the  right  side)  during  sinusoidal 
cylinder  rotation  at  0.5  and  0.01  Hz.  The  monkey  is  stationary.  From  above:  neuronal 
activity  (running  average),  cylinder  velocity,  and  horizontal  eye  position.  Neuronal  activity 
is  in  phase  with  cylinder  velocity.  The  sensitivity  of  the  neuron  in  relation  to  cylinder 
velocity  is  much  higher  at  0.5  than  at  0.01  Hz. 
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are  compared  with  an  internal  parameter  representation  and  weighted  accord¬ 
ingly. 

In  our  experiments,  the  peripheral  vestibular  input  was  zero  at  all  times.  Still, 
a  reliable  response  was  present  at  visual  frequencies  of  1-2  Hz,  a  range  that  is 
usually  considered  to  lie  within  the  working  range  of  the  vestibular  system,  with 
the  gain  of  the  vestibulo-ocular  reflex  near  unity.  Our  results  show  that  with 
adequate  visual  stimuli,  i.e.,  the  whole  visible  surround  physically  moving,  there 
is  a  wide  overlap  of  frequency  ranges  of  visual  and  vestibular  inputs  for  the 
perception  of  self-motion. 

A  related  problem  is  how  the  vestibulo-ocular  reflex  can  operate  at  a  gain  of 
unity  in  the  high-frequency  range,  if  not  constantly  recalibrated  by  visual  input. 
Recently,  Melvill  Jones  (this  volume)  showed  that  subjects  wearing  spectacles 
that  produce  a  right-left  inversion  of  visual  input,  perfectly  adapt  and  reverse 
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Figure  6.  Average  sensitivity  (impulses/second  per  degree/second)  of  14  vestibular 
cortex  neurons  (8  type  I,  6  type  II)  during  different  frequencies  of  sinusoidal  cylinder 
rotation.  Sensitivity  increases  at  stimulus  frequencies  above  0.1  Hz. 


their  vestibulo-ocular  reflex  even  at  high  frequencies  (3  Hz).  This  is  another 
example  of  how  powerful  the  visual  input  can  be  at  high  frequencies.  It  shows 
that  although  the  gain  of  the  optokinetic  nystagmus  might  be  very  low  at  stimulus 
frequencies  above  0.5  Hz,  the  visual  input  still  can  modify  other  responses. 


Neurophysiology 

The  quantitative  analysis  of  the  vestibular  responses  of  cortical  neurons  in 
area  2v  shows  that  neurons  carry  a  head-velocity  signal  at  a  medium-frequency 
range  (0.1  Hz),  similar  to  that  in  the  vestibular  nuclei.5  ”  This  indicates  a  transfer 
of  vestibular  information  over  only  a  few  synapses,  which  agrees  well  with 
electrophysiological  studies,18  although  the  anatomical  pathway  has  not  been 
worked  out  yet.9 
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The  prominent  visual  response  of  vestibular  cortex  neurons  at  high  frequen¬ 
cies  of  sinusoidal  cylinder  rotation  is  different  from  that  seen  in  the  vestibular 
nuclei.  This  indicates  an  additional  visual  input,  the  origin  of  which  is  not  known. 
It  should  be  noted  that  there  has  been  no  clinical  report  of  a  patient  who  has  lost 
the  sense  of  motion  after  focal  cortical  lesions.  This  implies  that  there  is  probably 
no  single  primary  vestibular  projection  area  responsible  for  motion  sensation  (see 
also  Reference  9).  A  direct  comparison  of  the  single-unit  data  and  the  psycho¬ 
physical  measurements  reveals  the  discrepancy  of  the  gain  decrease  for  CV  at 
high  frequencies  and  the  gain  increase  for  the  unit  data.  This  might  imply  that 
these  neurons  do  not  encode  a  signal  about  self-motion.  However,  the  neuro¬ 
physiological  data  clearly  demonstrate  that  the  cortex  receives  converging  infor¬ 
mation  about  motion  from  the  vestibular  and  visual  systems.  These  neurons 
could  function  as  an  input  to  association  areas,  where  a  signal  about  self-motion 
then  could  be  reconstructed. 


Summary 

In  psychophysical  experiments,  human  subjects  indicated  the  amount  of 
circularvection  (CV)  that  they  experienced  during  sinusoidal  rotation  (0.01-5  Hz) 
of  the  visual  surround.  Accelerations  varied  between  5  and  160°/second2; 
maximal  velocities  did  not  exceed  160°/second.  Below  0.1  Hz  and  20D/second2, 
most  subjects  experienced  full  CV;  above,  CV  was  only  partial.  Subjects  then 
perceived  a  combination  of  CV  and  object  motion.  All  subjects  still  had  some  CV 
at  2  Hz.  The  upper  frequency  limit  seemed  to  occur  around  5  Hz. 

In  related  neurophysiological  studies,  single  units  were  investigated  in  the 
vestibular  cortex  (area  2v)  of  the  alert  monkey.  Neurons  responded  to  animal 
rotation  in  the  dark  as  well  as  to  sinusoidal  rotation  of  the  visual  surround  (0.01-1 
Hz).  Units  responded  to  the  visual  stimulus  in  the  high-frequency  range  with  a 
gain  increase. 

These  experiments  demonstrate  the  prominent  influence  of  the  visual  system 
on  vestibular  neurons  even  at  high  frequencies. 
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Visual  Movement  Perceived  with  Stabilized  Retinal  Stimuli 

The  simple  observation  that  started  our  experiments  has  an  age-old  tradition 
in  the  history  of  science.  Aristotle  (384-322  B.c.)  was  presumably  the  first  to 
describe  that  after  looking  into  the  sun  or  another  bright  light,  a  long-lasting 
afterimage  persists  and  is  seen  thereafter  in  the  respective  line  of  sight.1  Such  an 
afterimage  is,  of  course,  a  perfectly  stabilized  retinal  image;  however,  it  can  be 
seen  to  change  its  position  in  the  extrapersonal  space  whenever  the  eyes  move 
voluntarily.  A  small  afterimage  placed  within  2°  to  3°  around  the  fovea  centralis 
can  be  used  to  elicit  smooth-pursuit  eye  movements  in  darkness  when  one  tries  to 
fixate  it  intentionally.  During  the  pursuit  movements,  the  afterimage  is  seen 
moving  in  the  direction  of  the  eye  movements .MA  This  von  Helmholtz  afterimage 
movement  illusion  was  explained  by  19th  century  physiologists  as  being  caused 
by  a  central  interaction  of  premotor  commands  controlling  gaze  movement  and 
the  afferent  visual-signal  flow.258 

Visual  movement  perceived  with  a  stimulus  pattern  that  is  stationary  on  the 
retina  but  with  moving  eyes  is  called  efferent  movement  perception,  while  the 
visual  movement  elicited  by  a  change  in  position  of  the  retinal  stimuli  is  called 
afferent  movement  perception.7,1  To  our  knowledge,  the  first  block  diagram  of 
the  interaction  between  afferent  sensory  signals  and  the  corollary  discharges  of 
efferent  motor  signals  was  published  in  the  general  scheme  "Merkwelt- 
Wirkwelt-Koppelung"  by  J.  von  Uexkllll.9  This  model  (Figure  la}  contains  the 
essential  properties  that  later  became  known  as  the  efference  copy  hypothe- 
sis:10"12,13  an  efference  copy  of  the  motor  commands  interacts  with  the  afferent 
sensory-signal  flow;  the  result  of  this  interaction  constitutes  the  percept  and 
simultaneously  the  signals  driving  the  pursuit  mechanisms. 

Despite  its  long  existence,  the  efference  copy  interaction  model  rarely  has 
been  analyzed  quantitatively  and  no  systematic  experiments  have  been 
performed  with  nonhuman  primates.  The  afterimage  paradigm  is  difficult  to 
apply  in  animal  experiments.  We  have  therefore,  during  the  last  eight  years,  used 
another  paradigm  (Figure  lb).”-15  A  row  of  equally  spaced  stationary  black  and 
white  stripes  or  black  dots  of  the  spatial  period  P,  is  illuminated  stroboscopically 
at  the  flash  frequency  f,  (flash  duration  half-time,  56  seconds).  When  the  center 

♦Supported  by  grants  from  the  Deutsche  Forschungsgemeinschaft  (Gr  161)  and  a 
Twinning  Grant  of  the  European  Science  Foundation-ETP  Strassburg. 

tDepartment  of  Physiology,  Erasmus  University,  Rotterdam,  the  Netherlands. 

$To  whom  correspondence  should  be  addressed. 
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of  gaze  performs  pursuit  movements  across  this  pattern  at  an  angular  speed  V.  so 
that  it  moves  exactly  from  one  stripe  or  dot  to  the  next  (“mode  1”)  or  the  next  but 
one  (“mode  2”),  identical  retinal  stimulus  patterns  are  evoked  from  flash  to 
flash: 


Vg  -  k  •  P,  •  f,  (degrees/second]  (1) 

k  is  an  integer  i  1.  As  in  the  von  Helmholtz  afterimage  experiment,  the 
quasi-stabilized  retinal  pattern  is  then  seen  moving  in  the  direction  of  the 
gaze-pursuit  movements  (Sigma-movement).  The  Sigma-movement  perceived 
perpetuates  the  Sigma-pursuit  movements  (Sigma-PM)  of  eyes  or  gaze  and  also 


i 
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flash  t 
,flash  2 
flash  3 
flash  4 


center  of  fovea 
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Figure  1.  (a)  General  scheme  of  the  interaction  of  afferent  visual-signal  flow  and 
corollary  signals  of  efferent  motor  commands  (later  called  efference  copy);  from  von 
UexkUll.  modified*  (b)  Sigma-paradigm:  an  infinitely  long  row  of  equidistant  dots  is 
illuminated  stroboscopically  at  a  flash  frequency  f,.  The  center  of  gaze  moves  during  one 
flash  interval  from  one  dot  to  the  next  or  the  next  but  one.  For  details,  see  text. 


can  elicit  an  optokinetic  nystagmus  (Sigma-OKN),  which  in  turn  maintains  the 
kinetic  illusion  ad  libitum.1617 

In  the  following,  we  will  demonstrate  that  Sigma-phenomena  can  be  elicited 
not  only  by  unidimensional  periodic  stimuli  that  are  stabilized  on  the  retina,  but 
also  by  (a)  two-dimensional  stimulus  patterns  composed  of  equidistant  dots;  (b) 
spatial  periodic  stimuli,  the  peric  dicity  of  which  is  not  present  on  each  retina  but 
generated  on  the  cyclopean  retina;  (c)  three-dimensional  objects  of  a  spatially 
periodic  structure;  and  (d)  two-dimensional  random  dot  patterns  without  pny 
spatial  periodicity.  It  will  be  demonstrated  further  that  (e)  constant  flash  intervals 
(l/f.)  are  not  requisite  for  Sigma-movement;  (f)  a  regular  interaction  between  the 
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vestibulo-ocular  reflex  and  Sigma-movement  was  found;  and  (g)  Sigma-phenom¬ 
ena  are  elicitable  in  awake  monkeys;  thus,  the  phenomenon  is  accessible  to 
further  neurophysiological  exploration. 

The  experiments  were  performed  in  man  (12  subjects)  and  8  java  monkeys 
(Macaco  /ascicularis).  The  horizontal  and  vertical  electro-oculogram  (EOG)  was 
recorded  in  monkeys  by  chronically  implanted  Ag-AgCl  electrodes,  in  man  by 
skin  Ag-AgCl  electrodes.  In  addition,  the  electromagnetic  search  coil  technique 
(EMOG)  was  applied.18-18  For  details  of  the  experimental  techniques,  the  reader  is 
referred  to  other  reports.17  20,21 


Sigma-Movement  Depends  on  the  Spatial  Period  P,  and 
the  Flash  Frequency  fs 

Experiments  in  Man 

The  law  expressed  by  Equation  1  was  fulfilled  within  a  wide  range.  The 
perceived  speed  of  the  apparent  Sigma-movement  increased  with  the  period  P, 
of  the  stationary  stimulus  pattern  and  the  flash  frequency  f„,  as  did  the  angular 


a.  Horizontal  line  of  dots.  1^  =  062° 


Figure  2.  (a)  Sigma-OKN  in 
man.  Recording  with  the  electro¬ 
magnetic  search  coil  technique 
(EMOG).1*-18  A  horizontal  line  of 
dots  0.82°  apart  was  illuminated 
stroboscopically  with  different 
flash  frequencies  as  indicated,  (b) 
Sigma-OKN  elicited  by  a  vertical 
stereostripe  pattern.  The  stereo¬ 
stripes  generated  on  the  Cyclo¬ 
pean  retina  were  0.98°  apart. 
Different  flash  frequencies  as 
indicated. 
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Sigma  pursuit  movement  of  gaze .  dot  circle 


eyes  only 
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Figure  4.  Sigma-pursuit  movements  elicited  by  stroboscopical  illumination  of  a  station¬ 
ary  dot  circle,  23”  diameter,  71  dots,  (a)  Head  fixed,  circular  movements  of  eyes;  9 
flashes/second,  (b)  Eye  and  head  movements;  9.0  flashes/second,  (c)  Eye  and  head 
movements;  18.6  flashes/second.  Recording  of  gaze  position  and  head  position  by  EMOG, 
one  coil  on  the  sclera,  the  other  on  the  forehead. 


velocity  of  the  center  of  gaze  Vg  during  Sigma-OKN.  With  fixed  head,  V,  was 
identical  to  the  angular  velocity  of  the  eyes,  Ve  (Figure  2a).  The  Sigma-movement 
perceived  was  smooth  and  continuous,  and  its  speed  was  correlated  to  the 
angular  velocity  of  the  Sigma-OKN  slow  phase  V„.  The  latter  increased  with  P, 
and  f,  according  to  Equation  1  (Figures  2a  and  3a). 

Identical  retinal  stimulus  patterns  were  no  longer  elicited  from  flash  to  flash 
in  the  case  of  a  circle,  ellipse,  or  any  other  closed  figure  composed  of  equidistant 
dots.  Then,  only  the  fovea  received  identical  stimuli  from  flash  to  flash.  With 
such  a  stimulus  pattern,  continuous  Sigma-PM  were  easily  maintained  for  long 
periods  and  the  subject  perceived  a  large  part  of  the  dot  figure  as  rotating  in  the 
direction  of  the  gaze-pursuit  movements.  With  fixed  head,  the  circular  Sigma- 
PM  along  a  dot  circle  (composed  of  n  dots)  led  to  a  sine-wave  horizontal  and 
vertical  EOG  shifted  by  a  phase  angle  of  90°  (Figure  4).  The  angular  speed  of  the 
eye-pursuit  movements  during  such  Sigma-PM  again  was  described  well  by 
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Equation  1.  Consequently,  the  period  P,  of  the  circular  eye  movements  in  an 
attentive  subject  corresponded  exactly  to 


P,  -  -  [seconds] 

Ts 


(2) 


i.e.,  the  gain  of  the  Sigma-PM  was  1.  The  upper  frequency  limit  of  1/P,  was 
0.8-1.2  Hz  and  corresponded  to  the  limiting  frequency  of  circular  eye  movements 
elicited  by  a  spot  of  light  rotating  in  a  circle  of  comparable  diameter. 


Figure  5.  (a)  Gain  of  hori¬ 
zontal  Sigma-OKN  slow- 
phase  angular  velocity.  Verti¬ 
cal  stripe  pattern  illuminated 
at  different  flash  frequencies. 
Two  states  of  attentiveness: 
"Schaunystagmus"  and 
“Stiemystagmus.”  Inset:  dis¬ 
tribution  of  individual  veloci¬ 
ties  of  Sigma-OKN  slow 
phases  at  40  flashes/second 
for  Schaunystagmus  and 
Stiemystagmus.  (b)  The  distri¬ 
bution  of  the  individual  eye 
positions  at  the  time  of  each 
flash  is  represented  in  a 
frequency  histogram.  The  eye 
position  was  sampled  by  trig¬ 
gering  with  the  flash  signals. 
Peaks  in  the  frequency  histo¬ 
gram  appear  at  integer  values 
of  P,  (1.1°);  f,  -  10  flashes/ 
second.  Midline  of  gaze  field 
at  about  12°. 


3  Gam  of  Sigma-OKN  stow  phase  velocity 

vertical  stripe  pattern.  Ps  ■  0  62* 


Horizontal  Sigma-OKN,  distribution  of 
eye  position  at  flash  times,  fs=  iOflashess-t 
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In  normal  OKN,  it  has  been  well  known  since  the  work  of  ter  Braak  that  the 
angular  speed  of  the  OKN  slow  phase  depends  not  only  on  the  stimulus  velocity 
but  also  on  the  type  of  subject  attentiveness  (“Schaunystagmus”  versus  “Stiemys- 
tagmus”).22  This  difference  also  was  found  with  Sigma-OKN.  The  constant  k  of 
Equation  1  was  on  the  average  about  1  when  the  subject  was  attentive  and 
applied  "foveal”  pursuit,  but  k  decreased  significantly  below  1  when  the  subject 
was  in  a  state  of  lowered  attentiveness  and  had  a  Sigma-Stiemystagmus  (Figure 
5a).  This  reduction  in  gain  was  also  observed  when  the  fovea  moved  across  an 
empty  field  and  the  stripe  pattern  was  restricted  to  the  peripheral  part  of  the 
retina.17  When  the  gain  fell  below  1,  the  perceived  speed  of  Sigma-movement  did 
not  change.  It  therefore  is  probable  that  the  retinal  displacement  signals  (retinal 
Phi-movement)  are  added  to  the  efference  copy  signals  before  the  “perceptual 
level”  is  reached. 

Even  when  the  average  gain  of  the  Sigma-OKN  slow-phase  velocity  was  1, 
some  fluctuation  in  the  individual  slow-phase  velocities  still  was  present.  Despite 
this  variability,  the  distribution  of  the  center  of  gaze  position  measured  at  the 
moment  of  every  flash  was  not  at  random  but  with  a  higher  probability  at  the 
"correct  target”  rather  than  in  between  the  targets  (Figure  5b). 

The  laws  and  the  perception  of  Sigma-movement  (Equations  1  and  2)  were 
independent  of  whether  the  head  was  fixed  and  the  oculomotor  system  alone 
determined  the  movement  of  gaze  or  the  center  of  gaze  was  moved  by  head  and 
eye  movement  (Figure  4).  Thus  Sigma-phenomena  are  related  to  gaze  movement 
and  not  to  eye  movements  per  se. 


Experiments  in  Monkeys 

To  elicit  Sigma-OKN,  Java  monkeys  were  placed  with  the  head  fixed  in  a 
monkey  chair  surrounded  by  a  stationary  drum  of  120-cm  diameter  covered  on  its 
inside  wall  by  a  precise  pattern  of  vertical  black  and  white  stripes  (silk-screen 
prints)  of  1.15°  or  2.3°  period.  After  the  monkey  was  lured  into  a  Sigma-state  (for 
details  see  Reference  21),  his  Sigma-OKN  frequently  continued  for  several 
minutes.  Increasing  the  flash  frequency  f,  led,  as  in  man,  to  an  immediate 
increase  in  the  angular  velocity  of  the  Sigma-OKN  slow  phase.  Equation  1  was 
found  to  be  valid  (Figures  6  and  3b).  Now  and  then,  the  monkey’s  oculomotor 
system  “jumped"  into  the  mode  2  with  k  -  2  in  Equation  1.  but  most  of  the 
experiments  were  performed  with  mode  1.  Any  stationary  object  presented  to  the 
monkey  within  his  visual  field  led  to  an  immediate  interruption  of  the  Sigma- 
OKN  by  fixation  of  the  object. 


Sigma-Movement  Elicited  by  Stroboscopically  Illuminated 
Stationary  Stereopatterns 

Sigma-phenomena  were  also  elicitable  with  periodic  stimulus  patterns  that 
were  not  visible  with  monocular  vision  but  were  generated  on  the  cyclopean 
retina.  We  used  a  16-  or  24-vertical-stripe  julesz  stereogram.23  All  subjects  with 
normal  stereovision  saw  stationary  stereostripes  when  the  left  eye  and  right  eye 
patterns  were  synchronously  illuminated  at  a  flash  frequency  of  s  2  flashes/ 
second.  The  subjects  induced  smooth-pursuit  eye  movements  across  the  station¬ 
ary  stereopattem  by  fixating  a  small  spot  of  light  moving  at  a  constant  angular 
speed  across  the  pattern.  As  the  angular  speed  of  the  eyes  (head  fixed)  reached  a 
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value  near  that  given  by  Equation  1,  the  whole  stereopattern  was  seen  moving  in 
the  direction  of  the  eye  movements.  During  this  movement  illusion,  the  surface 
structure  of  the  pattern  changed  because  the  different  stereostripes  of  the 
stereogram  had  variable  distributions  of  their  respective  black  and  white  random 
dots.  After  some  training,  all  subjects  could  elicit  Sigma-PM  and  Sigma-OKN 
across  the  stationary  stereostripe  pattern,  and  the  angular  velocity  of  the  Sigma- 
OKN  slow  phase  again  depended  on  f,  and  P,  as  expressed  by  Equation  1 
(Figures  2b  and  3c). 

Sigma-movement  and  Sigma-OKN  were  also  elicitable  when,  instead  of 
synchronous  dichoptic  flashes,  a  time  delay  At  between  the  left-  and  right-eye 


Figure  6.  Horizontal  Sigma-OKN  in 
Java  monkey.  Vertical  stripe  pattern  of 
1.15°  period.  Flash  frequencies  as  indi¬ 
cated.  In  the  lowest  line,  a  recording  at  10 
flashes/second  is  demonstrated,  whereby 
the  oculomotor  system  was  in  mode  2.  i.e., 
the  constant  k  of  Equation  1  was  2. 
Compare  this  Sigma-OKN  with  that  in 
mode  1  at  20  flashes/second. 


Java  monkey,  Sigma  -OKN 
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stimuli  was  introduced.  The  apparent  depth  of  the  stereopattern  decreased  when 
At  increased.  With  alternating  dichoptic  stimuli  (At  =  V2  f,),  the  stereocomponents 
of  the  stripe  pattern  had  disappeared,  but  paradoxically  the  stripes  were  still  seen 
moving  in  the  direction  of  the  eye-pursuit  movements  but  in  the  plane  of  the 
random  dot  background.  A  variation  in  At  did  not  change  the  relationship 
expressed  by  Equation  l.24 


Sigma-Movement  of  Three-Dimensional  Obiects 

From  the  data  presented  in  the  preceding  section,  we  could  expect  that 
Sigma-movement  and  corresponding  gaze-pursuit  movements  were  also  elicit¬ 
able  by  three-dimensional,  spatially  periodic  objects.  Two  different  stimulus 
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patterns  were  used:  a  round  plastic  plate  of  65-cm  diameter  on  which  a  circle  of 
40  equally  spaced  rods  was  mounted;  and  a  set  of  100  equally  spaced  white  balls 
fixed  at  equal  distances  on  a  steel  wire  forming  a  complex  three-dimensional 
figure  (Figure  7a  and  b).  When  such  three-dimensional,  spatially  periodic  objects 
were  illuminated  stroboscopically  and  gaze-pursuit  movements  were  initiated  at 
an  adequate  speed,  Sigma-movement  was  perceived  in  three-dimensional  space. 
The  eyes  then  performed  smooth-pursuit  movements  at  a  speed  determined  by 
the  condition  that  the  center  of  gaze  moved  from  flash  to  flash  from  one  of  the 
periodically  repeated  objects  (rods  or  balls)  to  the  next,  independent  of  the 
changes  in  angle,  distance,  shape,  and  relative  orientation  with  respect  to  the 
subject’s  eyes.  In  the  case  of  the  rod  circle,  the  circle  was  seen  moving  in  space  at 
a  constant  speed  while  the  speed  of  the  eyes  in  the  orbita  (head  fixed),  of  course, 
depended  on  the  perspective  projection  relative  to  the  eyes.  In  the  case  of  the 
complex  three-dimensional  figure,  a  correspondingly  more  complex  Sigma-PM 
was  performed  (Figure  7b).  The  average  speed  of  this  Sigma-PM  increased  with 
/„  and  the  time  Pg  the  center  of  gaze  needed  to  move  once  around  the  whole 
figure  was 


Pg  -  -  [seconds] 


whereby  n  is  the  number  of  periodic  objects  in  the  whole  figure. 


(3) 


Sigma  pursuit  movement,  three-dimensional  patterns 


Figure  7.  (a)  Sigma-PM  recorded  in  man  (horizontal  EOG)  when  Sigma-movement  was 
elicited  by  a  stroboscopically  illuminated  rod  circle  of  65-cm  diameter.  Flash  frequencies  as 
indicated:  inspection  angle,  52°;  distance  between  eyes  and  center  of  rod  circle,  136  cm.  (b) 
Complex  Sigma-pursuit  movements  elicited  by  a  three-dimensional  object  with  100 
periodic  balk.  Flash  frequencies  as  indicated.  Horizontal  EOG  recordings.  P,  -  period  of 
pursuit  movements.  Observation  distance  about  110  cm. 
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Sigma-Movement  during  Active  Body  Movements 

Total  body  movements  also  were  suitable  to  maintain  Sigma-movement.  The 
inner  wall  of  a  cylinder  of  280-cm  diameter  and  240-cm  height  was  covered  with 
vertical  black  and  white  stripes  of  3.7-cm  period.  A  white  mark  was  placed  at  eye 
height  on  two  of  the  black  stripes,  100  periods  apart.  The  subject  initiated 
Sigma-movement  perception  and  Sigma-OKN  by  pursuing  a  finger  moving  at  an 
adequate  speed.  Thereafter,  he  started  to  walk  around  the  wall  of  the  cylinder  at 
the  speed  at  which  the  body  velocity  corresponded  to  the  speed  of  the  Sigma- 
movement.  The  subject  was  asked  to  press  a  stopwatch  as  soon  as  the  center  of 
gaze  moved  across  the  first  and  the  second  white  mark.  The  time  between  the 
two  signals  was  read  off,  and  the  subject  continued  to  repeat  the  same  measure¬ 
ments  with  the  same  or  a  different  flash  frequency.  Figure  3d  demonstrates  that 
the  average  speed  of  body  movement  Vb  depended  on  /,  as  predicted  by  Equation 
1  and  on  the  mode  at  which  Sigma-movement  was  induced. 


,f  ■ 
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Experiments  Designed  to  Refute  the  Sigma  Paradigm:  Random 
Components  of  the  Flash  Sequence 

Experiments  in  Man 

As  mentioned  above,  the  individual  Sigma-OKN  slow  phase  did  not  neces¬ 
sarily  have  to  correspond  exactly  to  the  speed  predicted  by  Equation  1.  This 
observation  (Figure  5a  and  inset)  indicated  that  Sigma-movement  was  generated 
by  signals  representing  an  approximative  mean  of  gaze  velocity  and  retinal 
change  in  position  signals  averaged  over  several  hundred  milliseconds.  It 
therefore  was  predictable  that  the  first  condition  of  the  original  Sigma-paradigm 
(Figure  lb),  namely,  an  exactly  periodic  flash  sequence,  is  not  a  necessary 
requisite  to  elicit  the  Sigma-phenomena.  Testing  this  conclusion,  we  applied 
random-interval  flash  sequences  of  a  constant  average  rate  and  a  Gaussian 
interval  distribution .,8',7  At  a  flash  rate  of  20  flashes/second  and  a  coefficient  of 
variation  (c.v.  =  standard  deviation/mean  interval)  smaller  than  0.12,  Sigma- 
movement  of  a  periodic  black-and-white  stripe  pattern  was  not  affected.  At  a 
coefficient  of  variation  0.12  s  c.v.  s  0.3,  however,  the  subjects  saw  the  Sigma- 
movement  interrupted  by  irregular  jerks,  but  their  Sigma-OKN  persisted  with 
little  disturbance  of  the  slow  phase.  Only  when  the  coefficient  of  variation  was 
larger  than  0.36  was  the  Sigma-movement  frequently  totally  interrupted  and  no 
continuous  Sigma-OKN  present.  The  Sigma-movement  illusion  and  the  Sigma- 
PM  were  more  sensitive  to  temporal  irregularities  of  the  flash  sequences  when 
the  dot  circle  was  applied  instead  of  a  periodic  stripe  pattern.  Smooth  Sigma-PM 
were  still  elicitable  at  a  coefficient  of  variation  of  0.1.  At  higher  flash  irregulari¬ 
ties,  the  Sigma-movement  of  the  dot  circle  was  still  perceived,  but  it  was 
interrupted  by  irregular  jerks  that  frequently  led  to  saccades  interrupting  the 
smooth-pursuit  movement.18 17 


Experiments  in  Monkeys 


Essentially  the  same  data  were  obtained  in  monkey  Sigma-OKN.  Figure  8 
indicates  that  the  systems  involved  in  Sigma-movement  and  Sigma-OKN  in 
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Java  monkey,  Sigma-OKN,  H-1.15',  SOftashee-r1 
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Figure  8.  Sigma-OKN  in  Java  monkey.  Vertical  stripe  pattern  of  1.15°  period.  Average 
flash  rate,  20  flashes/second.  The  different  amounts  of  temporal  noise  in  the  flash 
sequences  are  characterized  by  the  coefficients  of  variation  (c.v.)  of  the  Gaussian  flash 
interval  distributions  (as  indicated). 


monkeys  also  tolerate  a  considerable  contingency  of  the  temporal  signal 
sequence.  Thus  the  condition  that  from  flash  to  flash  identical  retinal  stimulus 
patterns  are  necessary,  can  be  refuted. 


A  Further  Modification  of  the  Sigma-Paradigm:  Sigma-Movement  of 
Random  Dot  Patterns 

Spatial  periodicity  is  the  second  condition  of  the  original  Sigma-paradigm 
(Figure  lb).  In  two  experimental  series,  we  tested  how  far  the  condition  “spatial 
periodicity”  has  to  be  fulfilled.  Firstly,  instead  of  periodic  stripes  or  dots,  a  stripe 
pattern  composed  of  identical  random  dot  stripes  interspersed  with  uncorrelated 
random  dot  stripes  was  investigated.  Such  a  pattern  of  correlated  and  uncorre¬ 
lated  spatial  noise  stripes  did  not  give  the  appearance  of  striation.  When 
smooth-pursuit  eye  movements  were  initiated  by  a  target  moving  at  an  appropri¬ 
ate  speed  across  the  stroboscopically  illuminated  pattern  (f,  £  9  flashes/second), 
the  subjects  suddenly  could  see  a  vertical  grid  pattern  composed  of  identical 
stripes  moving  in  the  direction  of  the  eye  pursuit  movements  and  in  front  of  a 
"snowstorm”  background.  This  Sigma-movement  led  to  a  corresponding  Sigma- 
OKN,  which  perpetuated  the  movement  illusion  and  the  perception  of  the  stripe 
pattern.  Equation  1  was  found  to  be  valid.1817  During  Sigma-movements,  the 
subject  could  gaze  about  the  stripe  pattern,  whereby  the  apparent  movement 
usually  was  not  interrupted  (Figure  9a).  If  interruption  of  Sigma-movement 
occurred,  however,  the  stripes  disappeared  immediately  into  the  masking  back¬ 
ground. 

A  second  step  in  the  analysis  was  the  application  of  a  two-dimensional, 
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random  dot  pattern.20  When  such  a  pattern  was  illuminated  stroboscopically  and 
pursuit  movements  were  performed  across  it,  the  random  dot  structure  was  seen 
moving  in  the  direction  of  the  eye-pursuit  movements,  and  this  Sigma-movement 
could  be  used  to  elicit  a  Sigma-OKN  (Figure  9b).  A  careful  analysis  of  the 
Sigma-OKN  slow  phases  indicated,  however,  that  the  velocity  during  a  given 
slow  phase  changed  much  more  than  with  periodic  stripe  patterns  and  that  the 
variability  between  successive  Sigma-OKN  slow  phases  was  rather  high.  In 
addition,  the  relationship  between  flash  frequency  and  angular  velocity  of  the 
Sigma-OKN  slow  phase  was  not  described  by  Equation  1  and,  except  for  a  slight 
tendency  of  V„  to  increase  with  /„  the  high  variability  of  Ve  was  a  dominant 
feature  in  these  experiments  (Figure  11c).  The  important  result  of  these  experi¬ 
ments,  however,  was  the  fact  that  Sigma-movement  was  seen  in  a  direction 
opposite  to  that  expected  from  the  retinal  displacement  signals. 


3  Hidden  random  dot  stripes,  .  0.79° 
fs: 


Figure  9.  (a)  Sigma-OKN  per¬ 
formed  during  stroboscopical  illumi¬ 
nation  of  a  vertical  random  dot  stripe 
pattern;  P,  -  0.79°.  Different  flash 
frequencies  as  indicated.  In  the  lower 
part,  recording  of  horizontal  and  verti¬ 
cal  EMOG.  The  subject  performed 
voluntary  inspection  saccades  (s) 
across  the  apparently  moving  pattern 
in  vertical  or  oblique  direction.  These 
saccades  did  not  interrupt  the  appar¬ 
ent  Sigma-movement  perception,  (b) 
Horizontal  Sigma-OKN  performed 
across  a  stroboscopically  illuminated 
two-dimensional  random  dot  pattern, 
individual  dot  size  about  0.05°.  Flash 
frequencies  as  indicated.  In  the  lower 
part,  the  vertical  and  the  horizontal 
EOGs  are  shown.  Oblique  or  vertical 
voluntary  inspection  saccades  (s)  did 
not  interrupt  the  apparent  movement 
perception  and  the  Sigma-OKN, 


b  Twodimensional  random  dot  pattern.  26^x*f 
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Aftereffects  of  Sigma-Movements 
Experiments  in  Man 

Our  subjects,  who  sat  in  front  of  a  tangent  screen  or  within  a  stationary 
vertical  stripe  cylinder,  did  not  perceive  any  circularvection  during  the  kinetic 
illusion  of  Sigma-movement  when  P,  of  the  stripe  pattern  was  1.15°.  Experiments 
with  larger  stripe  patterns  are  in  progress.  When  the  stroboscopic  illumination 
was  turned  off  after  a  Sigma-OKN  period  longer  than  20  seconds,  a  strong 
circularvection  was  perceived.  The  subject  had  the  impression  of  being  turned 
smoothly  in  the  direction  of  the  preceding  Sigma-movement  or  Sigma-OKN  slow 
phases.  The  strength  of  the  vection  decreased  approximately  exponentially  with 
time  and  depended  on  the  duration  of  the  preceding  Sigma-OKN.  As  a  rule,  we 
could  not  record  an  optokinetic  after-nystagmus  (Sigma-OKAN)  during  these 
periods  of  vection,  but  in  some  subjects  slow  eye  deviations  were  observed. 


Experiments  in  Monkeys 

The  aftereffects  of  Sigma-OKN  were  rather  different  in  the  monkey.  A  strong 
optokinetic  after-nystagmus  (Sigma-OKAN  I  and  II)  was  observed  (Figure  10). 
This  difference  corresponded  to  the  difference  in  normal  OKAN  between  man 
and  monkey.25 


Interaction  of  the  Vestibulo-Ocular  Reflex  and  Sigma-OKN 
Experiments  in  Man 

Two  results  of  our  studies  about  the  interaction  of  Sigma-OKN  and  the 
responses  to  vestibular  stimulation  will  be  described.28 

A.  The  subject  sat  on  a  turntable  surrounded  by  a  vertical  cylinder  of  120-cm 
diameter  and  was  rotated  sinusoidally  around  the  vertical  axis,  while  the 
subject’s  head  was  fixed  to  the  rotating  chair  and  the  stripe  pattern  on  the  inner 
wall  of  the  cylinder  remained  earth  fixed.  The  subject  was  asked  to  fixate  one 
particular  stripe.  In  doing  so,  the  center  of  gaze  remained  stable  in  space  when 
/,  >  4  flashes/second  and  the  gain  of  the  vestibulo-ocular  reflex  (VOR)  thus  was 
1.  When,  in  addition,  the  subject  initiated  a  horizontal  Sigma-OKN,  a  linear 
superposition  of  the  Sigma-OKN  slow-phase  velocity  and  the  angular  eye 
velocity  caused  by  the  VOR  was  found: 

Ve  =  P,  •  /,  +  A  w  cos  m t  [degrees/second]  (4) 

whereby  A  is  the  amplitude  and  o>  the  angular  frequency  of  the  chair  rotation 
(Figure  11a).  Equation  4  simply  states  that  the  speed  of  the  center  of  gaze  Vg  with 
respect  to  earth-fixed  coordinates  remained  constant  during  the  slow  Sigma- 
OKN  phases. 

During  the  interaction  of  VOR  and  Sigma-OKN,  the  subject  perceived  the 
stripe  cylinder  as  rotating  at  a  constant  speed  in  the  extrapersonal  space.  He 
perceived  himself,  however,  as  moving  back  and  forth  in  the  direction  of  the 
Sigma-movement  and  opposite  to  it,  whereby  in  the  first  case,  his  speed  could  be 
faster  or  slower  than  the  Sigma-movement.  When  the  subject’s  speed  was  faster 
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than  the  speed  of  the  apparent  Sigma-movement,  his  eyes  moved  with  respect  to 
the  head  coordinates  in  the  opposite  direction  to  the  Sigma-movement.  From 
these  findings  it  is  evident  that  the  perceived  Sigma-movement  was  not  corre¬ 
lated  to  the  eye  movements  with  respect  to  head  coordinates  but  to  the 
movement  of  gaze  with  respect  to  the  coordinates  of  the  earth-fixed  extraper¬ 
sonal  space. 

B.  In  another  set  of  experiments,  the  vertical  stripe  cylinder  was  mechanically 
coupled  to  the  rotating  chair.  Before  the  Sigma-movement  was  initiated,  the 
subject’s  VOR  was  measured  in  darkness  and  the  gain  was  found  to  be  about  0.7. 
Thereafter,  the  stripe  pattern  was  illuminated  stroboscopically  and  the  sinusoi¬ 
dally  rotating  subject  fixating  one  particular  stripe  of  the  cylinder  could  suppress 
the  VOR  completely  when  fs  >  8-10  flashes/second.  When,  in  addition,  the 


Java  monkey 

Sigma -OKN  and  Sigma -OKAN 


Figure  10.  Sigma-OKN  and 
Sigma-OKAN  in  Java  monkey. 
Vertical  stripe  pattern  1.15°  peri¬ 
od.  Sigma-OKN  at  12  flashes/ 
second.  The  Sigma-OKAN  was 
recorded  in  darkness  at  different 
times  after  completion  of  a  60- 
second  Sigma-OKN.  Sigma- 
OKAN  I  changed  into  Sigma- 
OKAN  II  after  35  seconds. 


subject  initiated  a  horizontal  Sigma-OKN,  V„  approximated  the  values  predicted 
by  Equation  1  for  f,  >  10  flashes/second.  Thus  in  these  experiments,  the  VOR 
also  was  suppressed  during  Sigma-OKN.  Despite  the  constant  Ve  values,  the 
subjects  reported  seeing  a  variable  Sigma-movement  speed  changing  with  the 
back-and-forth  rotation  of  the  chair,  i.e.,  Sigma-movement  again  was  related  to 
the  speed  of  gaze  with  respect  to  earth-fixed  coordinates  and  not  to  the  speed  of 
the  eyes  with  respect  to  head  coordinates. 


Experiments  in  Monkeys 

The  experiments  A  and  B  were  repeated  in  Java  monkeys,  and  essentially  the 
same  results  were  obtained,  as  indicated  by  Figures  lib  and  12.  In  contrast  to  an 
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Man 


fs,  flash  frequency  [flasheS'S-i] 


Figure  ll.  (aj  Angular  velocity  of  Sigma-OKN  measured  in  man  at  different  times  of 
horizontal  sinusoidal  movement.  The  vertical  stripe  pattern  of  1.15°  period  was  earth  fixed, 
(b)  Angular  velocity  of  Java  monkey  Sigma-OKN  measured  at  different  times  of  horizontal 
sinusoidal  movement.  The  vertical  stripe  pattern  was  either  stationary  or  coupled  to  the 
sinusoidally  rotating  chair,  (c)  Sigma-OKN  and  Sigma-PM  across  a  two-dimensional 
random  dot  pattern.  Coordinates  as  in  Figure  3a.  Means  of  10  successive  measurements 
and  standard  deviations. 
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attentive  human  subject,  however,  the  monkeys  quite  frequently  lost  the  Sigma- 
state  during  VOR.  Thus,  fairly  time-consuming  experiments  were  necessary  to 
collect  enough  data  about  the  interaction  of  Sigma-OKN  and  VOR  in  monkeys. 


Discussion 

A  model  explaining  the  kinetic  illusion  of  Sigma-movement  has  to  take  into 
consideration  that  Sigma-movement  velocity  was  only  correlated  to  the  actual 
eye  velocity  in  the  experiments  with  the  head  fixed.  In  the  experiments  in  which 
the  head  was  actively  moved  or  the  subject  was  rotated  by  the  turntable,  the 
direction  of  the  perceived  movement  corresponded  to  that  of  the  gaze  movement 


Sigma  -  OKN  and  VOR .  Java  monkey 


Ficure  12.  Horizontal  EOG  of  Java  monkey.  Superposition  of  Sigma-OKN  and  vestibu- 
lo-ocular  reflex  (VOR).  Stationary  vertical  stripe  pattern;  P,  -  1.15°.  The  monkey  was 
horizontally  and  sinusoidally  rotated,  (a)  Sigma-OKN  without  rotation,  f,  -  15  flashes/ 
second,  (b)  Additional  sinusoidal  rotation;  0.1  Hz,  10°  amplitude,  (c)  Flash  frequency 
increased  from  15  to  20  flashes/second,  (d)  VOR  at  20  flashes/second;  no  Sigma- 
nystagmus. 


relative  to  the  earth-fixed  coordinates  of  the  extrapersonal  space.  The  Sigma- 
movement  speed  was  then  correlated  to  the  angular  velocity  of  gaze  and  not  to 
that  of  the  eyes.  In  the  experiments  in  which  the  subject  was  turned  sinusoidally 
back  and  forth  together  with  the  vertical  stripe  cylinder,  the  Sigma-OKN 
slow-phase  angular  velocity  was  almost  constant  with  respect  to  head  coordi¬ 
nates  but  gaze  velocity  in  space  exhibited  a  cosine-shaped  variation  and  corre¬ 
sponded  to  the  perceived  Sigma-movement. 

Sigma-movement  is  a  typical  example  of  efferent  visual-movement  percep¬ 
tion  and  may  be  explainable  by  the  assumption  that  somewhere  in  the  central 
visual  system,  an  efference  copy  signal  interacts  with  the  afferent  visual-signal 
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flow.  The  simplest  way  to  explain  our  data  is  the  assumption  that  this  efference 
copy  signal  originates  from  gaze-movement  commands  (related  to  the  coordi¬ 
nates  of  the  extrapersonal  space)  and  not  from  oculomotor  signals  (Figure  13). 
Under  these  conditions,  the  VOR  signals  stabilizing  gaze  are  not  directly 
included  in  the  efference  copy  signals,  because  they  enter  the  oculomotor  system 
below  the  branching-off  point  of  the  gaze-command  efference  copy  (circled 
arrow  in  Figure  13).  Vestibular  signals  with  respect  to  the  subject's  own 
movement  in  space,  however,  are  directly  included  in  the  movement  perception. 
Suppression  of  the  VOR  during  Sigma-OKN  is  attained  by  automatic  regulation 
of  the  central-gaze-velocity  command  via  retinal  error  signals.  This  corrected 


Figure  13.  Block  diagram  of  the  interaction  of  binocular  afferent  visual  signals,  effer¬ 
ence  copy  signals  of  gaze  movement,  and  central  vestibular  signals.  For  details,  see  text. 


gaze-velocity  command  counteracts  the  vestibular  reflex  signals  and  leads  to 
constant  eye  velocity  when  the  stripe  drum  is  coupled  to  the  rotating  chair. 

The  experiments  with  dichoptic  stimuli  provide  further  clues  to  the  location 
of  the  interaction  between  efference  copy  and  afferent  movement  signals.  The 
efference  copy  signals  that  lead  to  the  illusion  of  Sigma-movement  seem  to  be 
included  in  visual-signal  processing  at  or  beyond  the  level  of  binocular  fusion 
and  stereopsis.  This  process  of  interaction  evidently  does  not  take  individual 
retinal  signals  into  consideration,  but  rather  retinal  position  signals  averaged 
over  several  hundred  milliseconds.  Otherwise  the  experiments  with  flash 
sequences  of  a  Gaussian  interval  distribution  are  hardly  explainable.  The 
interaction  between  afferent  visual-movement  signals  and  efference  copy  signals 
is  probably  not  a  simple  algebraic  summation,  as  postulated  in  earlier  models.10 
Sigma-movement  seen  with  random  dot  patterns  (Figure  9b)  indicates  that  under 
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certain  conditions  the  efference  copy  signal  is  stronger  than  the  counteracting 
retinal  displacement  signals. 

Our  present  results  do  not  exclude  an  interaction  of  oculomotor  efference 
copy  signals  and  afferent  visual  signals  at  a  subcortical  level.  However,  we  have 
no  positive  evidence  so  far  that  such  a  mechanism  is  important  for  the  generation 
of  Sigma-movement.  Man  and  monkey  exhibit  practically  the  same  properties  for 
Sigma-OKN,  and  one  therefore  can  assume  that  monkeys  also  perceive  Sigma- 
movement.  One  difference  between  man  and  monkey  Sigma-phenomena  is 
fortunate  for  the  monkey  experiments.  It  is  the  strong  Sigma-QKAN,  which  is 
present  in  monkeys  but  nonexistent  or  very  rudimentary  in  man.  The  Sigma- 
OKAN  is  the  reason  why  a  short  closure  of  the  eyelids  does  not  interrupt 
Sigma-OKN  in  monkey.  Therefore,  once  monkeys  are  lured  into  Sigma- 
nystagmus,  they  remain  in  the  Sigma-state  over  a  rather  long  period  without 
being  specially  rewarded.  Experiments  are  in  progress  in  which  we  are  exploring 
the  neurophysiological  basis  of  Sigma-phenomena  by  means  of  microelectrode 
recordings  from  the  monkey  brain. 
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MOTION  SICKNESS  DUE  TO  VISION  REVERSAL: 
ITS  ABSENCE  IN  STROBOSCOPIC  LIGHT 
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Introduction 

Motion  sickness  apparently  cannot  be  generated  in  the  absence  of  an  intact, 
functioning  vestibular  system,  either  in  man  or  animals.1'5  However,  while 
abnormal  vestibular  stimulation  effectively  provokes  the  condition,  it  is  not  a 
necessary  prerequisite  for  the  development  of  symptoms.8  Such  symptoms  can  be 
induced  equally  well  by  moving  visual  stimuli  when  these  conflict  with  normal 
vestibular  stimulation,78  i.e.,  in  a  static  flight  simulator  equipped  with  a  moving 
visual  scene,9  or  when  wearing  distorting  optics  during  normal  patterns  of  body 
and  head  movement.10  Significantly,  in  these  latter  circumstances  the  time  course 
of  symptomatic  amelioration  closely  parallels  marked  and  long-lasting  adaptive 
changes  in  the  vestibulo-ocular  reflex  (VOR).11  It  was  therefore  particularly 
interesting  to  find  that  when  performing  comparable  adaptive  experiments  with 
vision  reversal  in  stroboscopic  light,  none  of  the  subjects  ever  experienced 
nausea  or  associated  symptoms,  even  though  there  was  overt  visual-vestibular 
conflict  as  well  as  adaptive  changes  in  the  VOR.12  An  additional  observation  in 
these  strobe  experiments  suggested  the  possibility  that  the  patterns  of  adaptive 
VOR  change  were  highly  selective,  which  in  turn  might  account  for  the  peculiar 
lack  of  motion  sickness  noted  in  the  strobe-light  condition. 

To  appreciate  the  significance  of  this  argument,  it  is  necessary  to  recall 
relevant  details  of  previous  adaptative  experiments  in  normal  light.  Thus  after 
vision  reversal  in  normal  light,  voluntary  head  oscillation  at  2-3  Hz  (with  prisms 
temporarily  removed)  invariably  leads  to  oscillatory  destabilization  of  the  visual 
scene,  even  as  early  as  10-15  minutes  after  commencing  the  vision-reversed 
experience.  Evidently,  significant  adaptive  changes  occur  in  the  high-frequency 
range  of  VOR  at  an  early  stage  in  the  adaptive  response.  In  marked  contrast  to 
this,  there  never  was  any  sign  of  such  high-frequency  image  destabilization 
during  similar  head-shake  tests  in  subjects  adapted  to  vision  reversal  in  strobe 
light  (and  tested  as  before  in  normal  light).  It  seemed  that  although  adaptive 
changes  in  VOR  are  evident  when  tested  at  low  frequency  as  described  below, 
such  changes  might  not  be  manifest  over  the  upper  frequency  range  in  subjects 
adapted  in  strobe  light.  The  following  experiments  aimed  to  investigate  this 
possibility  in  an  attempt  to  elucidate  the  peculiar  absence  of  motion  sickness  in 
such  subjects.  Some  aspects  of  the  results  have  been  briefly  reported  pre¬ 
viously.12 


Methods 

As  detailed  elsewhere,  subjects  were  fitted  with  goggles  containing  dove 
prisms  arranged  to  produce  horizontal  (but  not  vertical)  image  reversal  while 
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permitting  direct  forward  vision,  albeit  with  a  restricted  visual  field  of  view 
(around  50°  solid  angle).11  The  goggles  were  fitted  first  in  normal  light,  with  the 
head  fixed  by  means  of  a  dental  bite-board  to  prevent  head  movement  and  thus 
avoid  activation  of  conflicting  visual-vestibular  stimulation  in  normal  light.  The 
head  was  released  only  after  replacing  the  normal  light  with  stroboscopic 
illumination  of  4-Hz  flash  frequency  and  3-#tsecond  flash  duration.  The  flash 
frequency  was  chosen  to  be  in  the  range  of  other  experiments  performed  in 
strobe  light  and  to  avoid  epileptogenic  stimuli.13  The  short  flash  duration  ensured 
elimination  of  significant  smooth  slippage  of  the  retinal  image  during  the  flash. 
Particular  care  was  taken  to  screen  completely  any  continuous  light  emerging 
from  laboratory  equipment. 

Seven  subjects  were  exposed  to  these  conditions,  each  for  a  period  of  six 
hours.  During  this  period  they  made  more  or  less  continuous  attempts  to 
“navigate”  themselves  around  the  laboratory,  avoiding  equipment,  chairs, 
benches,  etc.,  placed  as  suitable  obstructions.  For  safety  they  were  always 
accompanied  by  an  attendant.  No  systematic  “forcing”  was  undertaken  on  the 
turntable,  but  when  resting  on  a  chair  subjects  were  encouraged  to  continue 
making  active  head  movements  while  looking  at  the  stroboscopically  illuminated 
surroundings.  At  least  one  week  later,  control  experiments  were  performed  on 
four  of  the  subjects  in  strobe  light  with  the  reversing  prisms  removed  from  the 
goggles. 

Ocular  gain,  defined  as  slow-phase  eye  angular  velocity  per  head  velocity, 
was  estimated  in  two  different  ways  according  to  whether  testing  was  performed 
at  low  or  high  frequencies.  For  low-frequency  testing,  the  subject  was  rotated 
sinusoidally  about  a  vertical  axis  on  a  servo-driven  turntable,  with  head  fixed  to 
the  turntable  and  the  stereotaxic  skull-horizontal  tilted  20°  nose  down.  These 
oscillations  were  conducted  at  0.17  Hz  and  peak-to-peak  amplitude  120°  (peak 
head  angular  velocity  60°/second),  with  eyes  open  in  complete  darkness  and  the 
subject  performing  mental  arithmetic  to  maintain  arousal.  Horizontal  eye  move¬ 
ments  were  recorded  by  conventional  d.c.  electro-oculography  (3  dB  at  250  Hz). 
A  previously  described  computer-assisted  method  was  used  to  estimate  ocular 
gain  in  these  circumstances,14,22  after  constructing  curves  of  cumulative  eye 
position  (CEP  curves.  Reference  15).  Two  control  runs,  each  including  10  cycles 
of  oscillation,  were  performed  before  commencing  the  six-hour  period  in  strobe 
light,  and  two  similar  test  runs  were  made  at  the  end  of  this  period.  Thus  the 
magnitude  of  adaptive  influence  was  estimated  by  comparison  of  mean  control 
and  test  values,  each  obtained  from  a  total  of  20  cycles  of  low-frequency 
stimulation. 

A  different  method  was  used  for  high-frequency  testing,1*-1*  since  the  avail¬ 
able  equipment  was  not  capable  of  producing  whole-body  oscillation  in  the 
required  frequency  range.  Instead,  subjects  performed  voluntary  head  oscilla¬ 
tions  about  a  vertical  axis  in  response  to  a  sinusoidally  modulated  sound 
(centered  at  1  kHz).  Head  angular  position  was  measured  by  means  of  mechani¬ 
cal  coupling,  which  employed  a  miniature  "parallel-arm”  device  clamped  to  a 
dental  bite  at  one  end  and  to  a  precision  (earth-fixed)  rotary  potentiometer  at  the 
other.  The  parallel-arm  system  was  similar  to,  but  much  smaller  than,  that 
familiarly  employed  on  the  draftsman’s  drawing  board.  With  this  arrangement, 
the  potentiometer  registers  only  horizontal  rotation  of  the  head  while  rejecting 
any  linear  components  of  dental-bite  movement.  The  system  was  accurate  to  at 
least  0.25°  head  rotation,  with  no  significant  response  to  the  amplitudes  of  linear 
components  of  dental-bite  movements  encountered  during  the  experiments.  As 
before,  conventional  d.c.  electro-oculography  recorded  eye  movement  relative  to 
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the  skull.  The  gain  of  ocular  response,  expressed  as  peak  eye  velocity  per  peak 
head  velocity,  was  estimated  from  at  least  20  cycles  of  head  and  eye  movement. 
Records  were  obtained  at  1.75-Hz  and  3-Hz  head  oscillation  and  approximately 
5°  and  3°  amplitude  respectively.  These  frequencies  cover  the  range  over  which 
visual  tracking  per  se  fails  and  hence  the  VOR  becomes  particularly  important 
for  the  production  of  image  stabilization.17'27,2*  The  chosen  amplitudes  ensured 
that  peak  head  velocity  was  on  the  same  order  of  magnitude  (60°/second)  as  in 
the  low-frequency  tests. 

In  order  to  suppress  the  confusing  influence  of  reflex  anticompensatory  eye 
movements  likely  to  occur  in  these  circumstances  without  vision,29  the  present 
high-frequency  tests  were  always  conducted  with  eyes  open  in  normal  light. 
Moreover  it  is  clear  from  results  described  below  in  connection  with  Figure  1 
that  changes  of  ocular  gain  obtained  with  this  form  of  voluntary  high-frequency 
head  oscillation  closely  paralleled  corresponding  changes  of  VOR  gain  obtained 
with  low-frequency  oscillation  in  the  dark. 

In  order  to  follow  up  the  “head-shake”  observations  that  led  to  these 
experiments  (see  Introduction),  two  subjects  underwent  an  additional  perceptual 
"blur-test”  regime.  For  this  they  looked  at  a  white  disc  with  black  radial  lines 
marked  at  5°  intervals,  while  voluntarily  oscillating  the  head  in  a  horizontal 
plane  at  around  3  Hz  and  3°  amplitude.17  In  these  circumstances,  discrepancies 
in  gain  and/or  phase  between  head  and  eye  movements  are  manifested  as 
well-defined  perceptual  distortions  of  the  disc’s  image.  Specifically,  lines  closely 
parallel  to  the  plane  of  image  slip  stand  out  progressively  more  against 
orthogonal  lines  as  the  degree  of  slip  increases.  It  proves  a  simple  matter  to 
ascribe  values  of  0,  1,  2,  and  3  to  four  magnitudes  of  such  distortion,  while  an 
experienced  subject  can  choose  values  lying  between  these  numbers,  as  seen  in 
the  diamond-shaped  points  in  Figure  1. 


Results 

Vision  Reversal  in  Normal  Light:  Low-Frequency  Tests 

Previously  reported  experiments  conducted  on  human  subjects  with  vision 
reversal  in  normal  light  demonstrated  consistent  attenuation  of  VOR  as  tested 
with  whole-body  oscillation  at  low  frequency  (0.17  Hz;  60°  amplitude)  with  eyes 
open  in  the  dark  (see  Methods).11 12  Thus  an  average  of  approximately  40% 
attenuation  of  VOR  gain  (smooth-pursuit  eye  angular  velocity/head  angular 
velocity)  was  observed  in  three  subjects  after  the  first  day  of  vision-reversed 
exposure  during  ordinary  locomotor  activity  (i.e.,  no  forcing  on  the  turntable).11 


Vision  Reversal  in  Normal  Light:  High-Frequency  Tests 

With  voluntary  head  oscillations  at  higher  frequencies,  conducted  as 
described  in  Methods  above,  attenuation  of  the  ocular  response  also  was 
observed  previously,  although  the  magnitude  of  attenuation  was  somewhat  less 
than  that  recorded  at  0.17  Hz.  Specifically  in  the  same  three  subjects,  the  average 
gain  was  attenuated  by  approximately  30%  at  1.75  Hz  and  25%  at  3.0  Hz  after  the 
first  day  of  exposure.1* 

As  an  example  of  such  high-frequency  attenuation,  Figure  1  (continuous  line, 
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F'GURE  1.  Changes  in  VOR  gain  (solid  line,  left  ordinate)  and  blur  estimation  (interrupted 
lines,  right  ordinate)  during  voluntary  head  shake,  at  a  frequency  of  1.75  Hz,  without 
prisms.  Units  on  right  ordinate  indicate  subjective  estimates  for  a  radial  disc  blur,  with  3 
denoting  the  largest  blur.  The  duration  of  the  experiment  is  plotted  along  the  abscissa 
(days),  with  vertical  arrows  bracketing  five  days  of  vision  reversal.  Each  point  representing 
gain  is  a  mean  of  10  consecutive  head-shake  cycles  before  (©),  during  (O),  and  after  (•) 
vision  reversal.  Each  diamond  denotes  the  subject’s  single  estimate  of  blur,  made  at  the  end 
of  each  test  run,  before  (O).  during  (01.  and  after  (  +  )  vision  reversal.  The  subject's  blur 
estimation  during  head  oscillations  (at  1.75  Hz)  in  the  vertical  (sagittal)  plane  is  similarly 
presented  by  triangular  symbols.  Note  that  there  was  no  optical  reversal  of  vision  in  the 
sagittal  plane.  (From  Reference  19.) 


left-hand  ordinate)  shows  the  time  course  of  gain  change  measured  in  one 
subject  at  1.75-Hz  head  shake  during  and  after  a  five-day  period  of  continuous 
vision  reversal  in  normal  light.18  After  two  control  tests  (half-filled  circles) 
performed  on  two  consecutive  days,  reversing  prism  goggles  were  donned  at  the 
time  indicated  by  the  first  vertical  arrow  on  the  abscissa.  Whereas  the  mean 
control  gain  was  close  to  1,  the  first  test  run  conducted  approximately  five  hours 
after  commencing  vision  reversal  produced  a  corresponding  value  of  0.76. 
Thereafter  there  was  a  progressive  decline  of  gain  (open  circles),  followed  after 
prism  removal  (second  arrow)  by  a  gradual  return  to  normal  (closed  circles). 
These  changes  are  generally  very  similar  to  (although  of  lower  magnitude  than) 
those  found  in  the  same  subject  with  low-frequency  testing  of  the  VOR  in  the 
dark  (compare  Figure  1  with  Figure  6A  of  Reference  11).  The  two  data  sets 
exemplify  the  consistent  relationship  between  low-frequency  and  high- 
frequency  responses  that  was  found  in  all  subjects  examined  with  these 
methods. 
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The  dashed  curve  with  diamond-shaped  points  illustrates  the  corresponding 
blur-test  results  (right  ordinate),  using  the  radial  line  disc  as  described  in 
Methods.  The  gain  attenuation  seen  on  the  first  day  was  associated  with 
significant  (magnitude-1)  image  distortion  during  head  shake,  the  degree  of 
distortion  becoming  progressively  more  marked  as  gain  decreased  further.  Quite 
different  were  the  blur-test  results  obtained  with  similar  head  shake  in  the 
sagittal  plane  (vertical  plane,  dashed  line  with  triangle-shaped  points).  In  this 
plane  there  was  never  any  sign  of  disc  distortion.  Bearing  in  mind  that  the  dove 
prisms  produced  reversal  in  the  horizontal,  but  not  in  the  vertical  (sagittal),  plane, 
this  complete  lack  of  adaptive  change  in  sagittal  response  indicates  a  high  degree 
of  geometric  specificity  in  the  adaptive  mechanism.20  The  difference  between  the 
two  dashed-line  data  sets  reflects  well  the  meaningful  character  of  information 
content  in  the  blur-test  results,  the  significance  of  which  in  the  present  context 
will  become  apparent  below. 

In  summary,  the  results  obtained  with  vision  reversal  in  normal  light  demon¬ 
strate  a  generally  broad  frequency  spectrum  of  adaptive  change  in  the  oculomo¬ 
tor  system,  which  is  in  accord  with  corresponding  animal  studies.21'23 


Vision  Reversal  in  Stroboscopic  Light:  Low-  and  High-Frequency  Tests 

The  present  stroboscopic-light  experiments  were  conducted  over  a  period  of 
one  day  only  (six  hours  of  vision  reversal  during  locomotor  and  free-head- 
movement  activity).  Nevertheless,  as  reported  earlier,12  all  of  seven  subjects 
tested  at  low  frequency  demonstrated  significant  VOR  attenuation,  although  in 
these  circumstances  the  rate  of  change  of  VOR  gain  was  only  about  half  that  in 
normal  light.  However,  not  previously  reported  is  the  fact  that  no  measurable 
change  of  high-frequency  gain  was  seen  in  the  four  subjects  tested  at  1.75  Hz  and 
3.0  Hz  after  the  same  duration  of  exposure  to  vision  reversal  in  the  stroboscopic 
light.  These  results  are  seen  in  Figure  2.  At  1.75  Hz,  the  mean  gains  were  1.01  and 
1.02  before  and  after  the  vision-reversed  exposure,  respectively;  at  3.0  Hz,  the 
corresponding  values  were  1.04  and  1.03.  Evidently,  no  measurable  adaptive 
change  was  manifest  at  these  frequencies  of  head  oscillation.  Supporting  this 
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Figure  2.  Ocular  gain  during  active  head  oscillation  in  four  subjects,  before  and  after  six 
hours  vision  reversal  in  4-Hz  strobe  light.  Note  the  absence  of  any  adaptation-related  gain 
changes. 
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conclusion  is  the  fact  that  after  the  six-hour  adaptive  period  in  strobe  light  no 
subject  ever  noted  any  degree  of  image  distortion  in  the  blur  test  (conducted  in 
normal  light,  in  the  horizontal  plane,  at  the  end  of  experiment). 

Figure  3  shows  an  interesting  feature  that  parallels  an  earlier  observation,12 
namely,  that  control  subjects  exposed  to  strobe  light  without  vision  reversal 
tended  to  demonstrate  increased  VOR  gain  as  tested  at  low  frequency  in  the 
dark.  At  both  high  frequencies  of  head  shake,  there  was  a  consistent  tendency  for 
the  ocular  gain  to  be  enhanced  after  six  hours  of  free  movement  in  the 
stroboscopic  light  with  nonreversed  vision. 


Motion  Sickness 

As  reported  elsewhere,10  all  subjects  exposed  to  vision  reversal  in  normal 
light  tended  to  experience  marked  symptoms  of  motion  sickness,  especially 
during  the  first  day.  Indeed  symptoms  were  sufficiently  severe  to  necessitate 
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Figure  3.  Ocular  gain  during  active  head  oscillation  before  and  after  six  hours  normal 
vision  in  4-Hz  strobe  light.  Note  the  increase  in  gain  after  exposure  to  nonreversed  strobe 
vision.  Same  four  subjects  as  in  Figure  2. 


considerable  periods  of  recumbancy  with  head  still.  And  yet  none  of  the  subjects 
with  vision  reversal  in  strobe  light  ever  experienced  such  symptoms  throughout 
the  experiment.  This  was  true  even  in  the  one  subject  common  to  both  sets  of 
experiments,  who  was  strongly  disposed  to  expect  an  unpleasant  day  of  sickness. 


Discussion 

This  study  set  out  to  examine,  over  an  extended  frequency  range,  the 
modification  of  oculomotor  control  incurred  by  a  period  of  vision  reversal  in 
stroboscopic  light.  The  objective  was  to  detect  physiological  correlates  that  might 
account  for  the  absence  of  motion  sickness  in  these  conditions.  As  an  outcome  it 
transpires  that  whereas  adaptive  changes  were  found  over  a  broad  frequency 
spectrum  after  vision  reversal  in  normal  light,  these  changes  were  restricted  to  a 
low-frequency  range  in  the  stroboscopic  illumination.  Even  at  0.17  Hz,  the 
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adaptive  attenuation,  although  distinctly  present,  was  less  marked  than  with 
normal  light.  It  seems  clear,  therefore,  that  the  physiological  drive  to  bring  about 
adaptive  change  was  itself  considerably  attenuated  by  the  stroboscopically 
illuminated  environment,  with  specific  elimination  of  the  adaptive  response  in 
the  tested  high-frequency  range  1.75-3.0  Hz.  The  findings  thus  would  seem  to 
imply  a  functional  association  between  the  incidence  of  motion  sickness  and  the 
prevailing  "strength”  and/or  frequency  range  of  the  adaptive  drive. 


Origin  of  the  Adaptive  Drive 

It  seems  likely,  if  not  certain,  that  the  vector  of  the  retinal  image  slip  during 
head  movement  provides  an  essential  element  in  the  source  signal  responsible 
for  activating  adaptive  modifications  in  the  neural  organization  of  oculomotor 
control.11,12'24  Consequently  one  might  have  expected  that — with  strobe  illumina¬ 
tion  of  flash  duration  too  short  for  significant  image  slip  to  occur  during  the 
flash— this  source  element  would  have  been  eliminated,  and  hence  also  the 
adaptive  response.  Evidently  it  was  not,  at  least  as  tested  at  0.17  Hz. 

As  discussed  elsewhere,12  this  finding  probably  stems  from  the  fact  that  at 
least  in  cat,  some  retinal  image  movement  detectors  in  the  central  nervous  system 
respond  in  a  meaningful  way  even  when  an  image  is  moved  discontinuously 
across  the  retina.25  However,  it  seems  obvious  that  for  such  a  signal  to  be 
meaningful  there  must  be  some  spatiotemporal  limitations  to  the  pattern  of 
discontinuous  image  displacements  on  the  retina.  For  example,  as  the  frequency 
of  relative  image  oscillation  approaches  that  of  the  sequential  image  placements 
on  the  retina,  the  problem  of  deducing  discrepancies  between  head  and  compen¬ 
satory  eye  velocities  from  retinal  image  information  would  become  progressively 
more  complicated.  Thus,  at  the  0.17-Hz  test  frequency  (six  seconds/cycle)  and 
4-Hz  strobe  flash  frequency,  24  image  impressions  would  occur  per  cycle  of  head 
oscillation;  but  at  the  3-Hz  head  frequency,  there  only  would  be  close  to  1 
impression  per  cycle.  Hence,  if  during  the  period  of  exposure  to  strobe  light  the 
frequency  content  of  head  movement  extended  over  the  range  of  frequencies 
tested  in  normal  light,  then  the  above  argument  would  imply  that  an  effective 
adaptive  drive  should  have  been  manifest  only  at  the  low-frequency  end  of  the 
spectrum.  In  view  of  this,  the  present  findings  lead  to  the  interesting  suggestion 
that  in  these  experiments  any  gain  change  incurred  by  the  low-frequency  range 
of  exposure  to  head  movement  was  not  carried  over  into  the  high-frequency 
range.  If  so,  this  would  be  particularly  interesting  on  account  of  the  apparent  lack 
of  frequency  specificity  after  adaptation  to  vision  reversal  in  normal  light 
conditions,  as  described  above.1821'23 

In  this  connection  it  is  intriguing  to  compare  the  results  shown  in  Figures  2 
and  3.  Why  should  there  have  been  no  high-frequency  change  after  the  vision- 
reversed  state,  and  yet  an  upward  increment  of  high-frequency  gain  after  no 
reversal?  Recall  that  with  low-frequency  testing,  strobe-exposed  subjects  did 
show  effects  with  and  without  prisms,  i.e.,  gain  attenuation  after  prism  adaptation 
and  gain  augmentation  after  strobe  exposure  with  no  prisms.  As  suggested 
earlier,12  the  latter  result  could  derive  from  an  initially  low  and  inadequately 
boosted  VOR  gain  associated  with  low-frequency  head  movement  in  the  strobe 
environment.  The  resulting  (discontinuous)  retinal  image  slip  would  then  be  in  a 
direction  calling  for  augmentation  of  the  VOR.28 

At  high  frequency  in  strobe  light,  the  VOR  gain  presumably  would  be 
augmented  initially  toward  unity  due  to  the  inherent  frequency  response  of  the 
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normal  reflex.27,30  Hence,  in  the  absence  of  prisms,  the  amplitude  of  image  slip 
would  be  correspondingly  small,  and  its  significance  (i.e.,  magnitude  and  direc¬ 
tion)  therefore  easily  detectable.  This  then  could  account  for  the  observed 
high-frequency  gain  augmentation  in  subjects  exposed  to  strobe  light  without 
vision  reversal  (see  Figure  3).  With  prisms  in  place,  however,  strobe  exposure  at 
high  frequency  would  be  accompanied  by  very  much  larger  retinal  image 
displacements,  resulting  in  spatiotemporal  pattern  dispersions  devoid  of  any 
meaningful  velocity  information,  with  a  corresponding  absence  of  any  high- 
frequency  change  in  VOR  gain  (see  Figure  2). 

Reviewing  the  findings  as  a  whole,  it  is  clear  that  imposing  vision  reversal  in 
normal  light  disturbs  the  normally  harmonious  relation  between  visual  and 
vestibular  inputs.  The  resulting  sensory  conflict  provokes  both  motion  sickness 
and  an  adaptive  drive  calling  for  resolution  of  this  conflict.  With  such  resolution, 
there  is  a  progressive  diminution  of  both  the  adaptive  drive  and  the  severity  of 
motion  sickness. 

During  adaptation  in  strobe  light,  no  motion  sickness  was  ever  noted.  This, 
together  with  the  previously  demonstrated  reduction  in  the  rate  of  strobe- 
induced  adaptation  at  low  frequencies,12  favors  a  functional  relation  between  the 
rate  and  range  of  the  adaptive  process,  and  the  severity  of  induced  motion 
sickness.31  In  turn,  the  findings  suggest  the  possibility  of  producing  functionally 
useful  adaptation  without  the  penalty  of  disabling  motion  sickness,  by  controlling 
the  rate  of  the  adaptive  process  by  means  of  an  appropriate  stroboscopically 
illuminated  environment. 
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It  is  generally  accepted  that  “the  function  of  the  vestibulo-ocular  reflex  (VOR) 
is  to  maintain  a  stable  retinal  image  during  head  rotations  by  generating 
appropriate  compensatory  eye  movements.”1  There  have  been  numerous  expres¬ 
sions  of  enthusiasm  for  the  effectiveness  with  which  this  reflex  achieves  retinal 
image  stability,  for  example,  “the  remarkable  fact  emerges  that  the  reflex 
produces  virtually  perfect  compensation.”2 

We  share  this  enthusiasm,  but  we  believe  that  the  true  function  of  the  VOR  is 
more  subtle  than  has  been  suspected.  We  believe  that  the  VOR  serves  not  simply 
to  stabilize  the  retinal  image  of  a  fixated  object  during  movement  but,  rather,  to 
produce  and  maintain  retinal  image  motion  within  each  eye  and  between  the 
eyes  that  is  optimal  for  binocular  vision. 

It  became  possible  for  us  to  entertain  this  idea  only  recently  because 
supporting  evidence  requires  accurate  measurement  of  binocular  retinal  image 
motion  in  freely  moving  human  beings.  When  it  became  possible  to  make  such 
measurements,  we  found  that  natural  eye  movement  compensation  was  not 
virtually  perfect  and,  furthermore,  that  compensation  was  different  within  each 
of  the  eyes.3  Subjectively,  vision  remained  clear,  fused,  and  stable  under  all  but 
the  most  violent,  active  head  rotations  we  studied  despite  such  “imperfections”  of 
oculomotor  compensation. 

The  present  experiments  continue  this  line  of  research.  First,  we  extended 
our  results  on  natural  binocular  retinal  image  motion  to  a  larger  sample  of 
subjects,  making  these  observations  with  passive,  as  well  as  active,  rotations. 
Second,  we  measured  binocular  retinal  image  motion  with  sinusoidal  stimulation 
of  fixed  frequencies  and  amplitude,  allowing  estimates  of  retinal  image  speed  at 
each  of  several  frequencies.  Third,  we  determined  the  degree  and  speed  with 
which  the  VOR  (in  the  dark  and  when  supplemented  by  vision)  could  be 
modified  by  changing  the  correlation  between  the  amount  of  retinal  image 
motion  and  a  given  degree  of  eye  rotation.  These  adaptation  experiments  were 
undertaken  to  determine  whether  the  observed  departures  from  virtually  perfect 
compensation  arose  from  limitations  inherent  in  the  compensatory  subsystems  or 
from  the  desire  of  the  compensatory  subsystems  to  maintain  retinal  image  motion 
at  some  nonzero  value  that  might  be  optimal  for  vision. 

We  will  show  that  (1)  compensation  is  rarely  virtually  perfect;  (2)  even  when 
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compensation  is  virtually  perfect  in  one  eye,  it  is  not  in  the  other  eye,  which  leads 
to  noncorrespondence  of  fixation  positions  between  the  eyes  and  high  vergence 
velocities;  (3)  the  degree  of  compensation  in  the  light  is  the  same  with  active  and 
passive  rotations;  (4)  the  VOR  in  the  light  adapts  completely  within  minutes 
(adaptation  is  complete  in  the  sense  that  it  reestablishes  retinal  image  velocities 
observed  prior  to  the  introduction  of  novel  optical  arrangements);  and  (5)  the 
VOR  in  the  dark  also  adapts  within  minutes  to  as  much  as  90%  of  the  required 
change. 


Methods 

Recording 

A  revolving  magnetic-field-sensor  coil  eye-movement  monitor  was  used  to 
record  binocular  eye  and  head  rotations.  Our  instrument  is  based  on  the  idea, 
suggested  by  Hartmann  and  Klinke,  that  Collewijn  developed  and  used  to 
measure  eye  movements  on  the  horizontal  meridian  in  the  freely  moving 
rabbit.4-5  Steinman  and  Collewijn  subsequently  used  Collewijn’s  revolving  field 
monitor  with  freely  moving  human  subjects.3  Detailed  descriptions  of  Collewijn’s 
instrument  are  given  in  the  prior  papers.  Here  we  will  review  only  briefly  its 
basic  principle  and  then  describe  the  Maryland  instrument  used  in  the  present 
experiments. 

Two  horizontal  a.c.  magnetic  fields  of  equal  magnitude,  in  spatial  and  phase 
quadrature,  generate  a  magnetic  vector  of  constant  magnitude  rotating  with 
uniform  angular  velocity  through  360°  during  every  period  of  the  field  fre¬ 
quency.  The  phase  of  the  voltage  induced  in  a  sensor  coil  placed  in  the  field 
varies  linearly  with  the  angular  orientation  of  the  sensor  coil,  and  thus  by  phase 
detection  the  angular  orientation  of  any  object  fitted  with  a  sensor  coil  can  be 
measured.  It  is  crucial  that  the  magnetic  field  be  homogeneous  in  direction  and 
magnitude  and  truly  orthogonal  in  space  and  phase.  The  simple  arrangement 
used  by  Collewijn  and  copied  at  Maryland  for  creating  a  uniform  magnetic  field 
was  described  by  Rubens.® 

The  rotating  field  frequency  of  the  Maryland  instrument  was  976  Hz.  The 
orthogonality  of  the  sinusoidal  currents  at  this  frequency  and  the  strength  of  the 
magnetic  field  were  maintained  by  a  feedback  loop  receiving  input  from  a  (10-cm 
diameter)  field-sensing  coil  located  near  the  center  of  the  magnetic  chamber, 
which  was  2.43  m  on  a  side.  The  control  accuracy  of  this  magnetic-field  servo 
loop  was  such  as  to  compensate  for  departures  from  orthogonality  (phase  shift 
from  90°)  smaller  than  1".  The  measured  homogeneity  of  the  magnetic  field  was 
within  1  part  in  1,000  for  translations  of  ±  24  cm,  as  expected  from  Rubens’ 
analysis.  The  Maryland  instrument  is  digital,  and  both  magnetic  field  control  and 
phase-detecting  circuits  were  controlled  by  reference  to  a  200-MHz  crystal  clock. 
The  bandwidth  for  phase  measurement  was  178  Hz  (-3  dB).  The  noise  level  with 
the  weak  magnetic  field  used  (0.278  gauss)  and  type  of  sensor  coils  attached  to  the 
eyes  and  head  was  <  40”.  Phase  indications  were  linear  to  better  than  1%  in  360°. 
The  instrument  was  stable,  i.e.,  the  angular  orientation  of  a  fixed  sensor  coil 
drifted  <  6”  during  periods  ranging  from  1  second  to  24  hours. 

Eye  movements  were  measured  with  the  silicone-annulus  sensor  coils 
described  by  Collewijn,  Van  der  Mark,  and  )ansen.7  These  silicone  annuli  are 
shaped  so  as  to  suck  onto  the  eye  when  they  are  inserted  with  the  tool  described 
by  the  inventors.7  The  fidelity  with  which  these  annuli  follow  the  eye  was 
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determined  originally  by  asking  subjects  to  make  a  rapid  series  of  twenty  20° 
saccades.7  No  detectable  differences  in  fixation  position  were  observed  following 
these  saccades.  We  repeated  this  kind  of  experiment  for  two  reasons.  First, 
because  the  prior  measurements  had  been  made  with  an  instrument  less  accurate 
than  ours.  Second,  because  we  planned  to  elicit  larger  eye  movements  in  our 
experiments  and  felt  that  the  stability  of  the  annulus  should  be  verified  under  the 
conditions  to  be  employed.  Therefore,  two  of  us  (HC  and  AM)  fixated  a  red 
diffraction -limited  point  target,  located  12.2  m  away,  for  12.8  seconds  with  our 
heads  supported  on  a  bite-board.  We  then  got  off  the  bite-board  and  recorded 
while  making  large  head  and  eye  movements  for  an  equal  period  of  time.  We 
then  returned  to  the  bite-board  and  recorded  another  fixation  trial.  HC  recorded 
30  pairs  of  such  trials,  and  AM  recorded  22  pairs.  The  annuli  did  not  change 
position  on  the  eye  under  these  extreme  conditions.  The  standard  deviations  of 
the  mean  fixation  position  were  small  (HC,  standard  deviation  -  3.8'  and  AM, 
SD  =  3.5');  both  values  are  within  the  range  of  standard  deviations  of  eye  positions 
observed  during  fixation  trials.  These  results— where  the  scatter  around  the 
mean  fixation  position  is  similar  to  the  average  scatter  of  the  line  of  sight  during 
periods  of  maintained  fixation  of  the  same  target— show  that  a  properly  inserted 
annulus  does  not  change  its  position  with  respect  to  the  eye.  Very  occasionally, 
an  annulus  will  lose  its  grip.  Such  occurrences  are  easily  detected  because  the 
annulus  no  longer  follows  the  eye  and  saccades,  therefore,  are  no  longer  seen  in 
the  records.  More  often  than  not,  a  loose  annulus  falls  out  of  the  orbit.  A  properly 
inserted  and  seated  annulus  must  be  grasped  with  forceps  and  peeled  off  the  eye 
at  the  end  of  each  recording  session.  Ours  typically  lasted  20  to  45  minutes.  Head 
movements  were  recorded  from  a  sensor  coil  mounted  on  a  contoured  polycar¬ 
bonate  strip  that  was  strapped  and  taped  to  the  forehead. 


Stimulation 

The  fixation  stimulus  was  a  colorful  object  (a  yellow-orange  polyurethane 
duck’s-head  hand  puppet  with  red  eyes)  subtending  56'  vertically  and  42' 
horizontally.  This  target,  located  12.2  m  from  the  subject,  was  seen  at  the  center 
of  a  4.7°  diameter  circular  field  composed  of  a  black  and  white  random  square 
array,  each  square  subtending  2.8'.  Subjects  were  required  to  fixate  the  duck’s 
head  while  they  sat  either  actively  rotating  their  heads  or  while  their  heads  were 
supported  by  a  dental  bite-board  and  their  chair  was  rotated.  The  frequencies  of 
the  active  rotations,  which  were  paced  by  a  metronome,  were  0.33,  0.66,  or  1.33 
Hz.  The  passive  rotations  were  provided  by  a  motor-driven  chair  equipped  with 
a  cam  and  lever  that  produced  approximately  sinusoidal  movements  at  0.0,  0.33, 
or  0.66  Hz.  The  peak-to-peak  amplitude  of  the  passive  rotations  was  set  at 
34° — the  amplitude  of  head  rotation  that  subjects  felt  was  comfortable  and 
natural,  i.e.,  did  not  lead  to  neck  strain  when  they  attempted  paced  sinusoidlike 
active  rotations. 


Data  Acquisition  and  Analysis 

Digital  eye  position  and  head  samples  were  acquired  at  976  Hz.  Four  samples 
from  each  of  three  channels  (right  eye,  left  eye,  and  head)  were  averaged, 
converted  to  minutes  of  arc,  and  stored  on  tape  at  the  end  of  each  12.8-second 
trial.  The  stored  data,  after  averaging  and  scaling,  describe  eye  and  head  position 
for  successive  5-msecond  periods,  which  means  that  our  effective  bandwidth  was 
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100  Hz.  The  stored  samples  represent  the  positions  of  the  eyes  and  head  with 
respect  to  an  earth-fixed  framework.  For  a  subject  not  wearing  spectacles,  these 
eye-position  samples,  which  we  will  call  “gaze,”  are  equivalent  to  the  position  of 
the  fixation  target  image  on  the  retina.  However,  eye  position  measured  with 
reference  to  an  earth-fixed  framework  for  a  subject  wearing  spectacles  must  be 
corrected  for  the  magnification  factor  of  the  spectacles  before  gaze  (or  retinal 
image  position)  is  determined  because,  for  example,  a  myope  wearing  a  spectacle 
with  a  negative  correction  will  have  more  retinal  image  motion  for  a  given- 
amplitude  eye  rotation  than  will  an  emmetrope  not  wearing  spectacles.  Similarly, 
an  individual  wearing  spectacles  with  a  positive  correction  will  have  a  smaller 
retinal  image  displacement  for  a  given  amplitude  of  eye  rotation  than  will  the 
person  not  wearing  spectacles.  Magnification  factors  for  those  of  our  subjects 
(HC,  WC,  and  AM)  who  required  and  wore  spectacles  during  the  experiments 
were  determined  by  a  behavioral  technique  that  will  be  described  later.  It  should 
be  noted,  however,  that  whenever  we  speak  of  gaze  or  retinal  image  motion,  the 
values  reported  or  plotted  incorporate  appropriate  corrections  for  the  spectacle 
wearers. 

Eye-  and  head-position  samples  served  as  the  basis  for  the  calculations  of 
velocities  and  gains.  These  measures  were  calculated  as  follows. 

A  sliding-window  technique  was  used  to  calculate  velocity.  The  window — 35 
mseconds  wide— contained  seven  position  samples,  and  the  slope  of  the  line- 
fitted  by  least  squares — through  the  seven  positions  provided  a  single  estimate  of 
“instantaneous”  velocity.  The  window  was  then  moved  5  mseconds  later  in  time 
(one  position  sample),  and  the  next  velocity  estimate  was  calculated.  Velocity 
samples  were  then  used  to  detect  and  remove  saccades.  Saccades  were  detected 
by  an  acceleration  criterion,  viz.,  each  velocity  sample  was  compared  to  the 
previous  velocity  sample  and  if  it  differed  by  more  than  15%  +  300 “/second2,  the 
velocity  sample  meeting  this  criterion  was  flagged  as  saccade  onset.  This 
criterion  was  checked  against  a  large  sample  of  eye-position  records  and  listings 
of  the  velocities  associated  with  these  records.  The  criterion  detected  all 
saccades— the  microsaccades  occurring  during  maintained  fixation  and  the  large 
saccades  occurring  during  high-velocity  smooth  compensatory  eye  movements. 
When  a  saccade  was  detected,  40  mseconds  of  data  were  removed,  providing  the 
saccade  ended  within  this  period.  Most  did.  The  determination  of  whether  the 
saccade  had  ended  was  made  by  comparing  eye  speed  at  the  end  of  the 
40-msecond  period  during  which  samples  were  removed  to  eye  speed  preceding 
detection  of  the  saccade.  A  saccade  was  judged  to  be  over  when  eye  speed  was 
below  the  saccade-detection  criterion.  If  the  saccade  had  not  ended,  additional 
samples  were  removed  until  the  criterion  was  met  or  100  mseconds  had  elapsed. 

Gain  (35-msecond  eye-in-head  velocity/35-msecond  head  velocity)  was 
calculated  from  the  velocities  determined  with  the  sliding-window  technique 
(described  above)  after  saccades  were  removed  and  after  the  velocity  of  the  eye 
in  the  head  was  determined  by  subtracting  eye-in-space  velocity  from  head- 
in-space  velocity.  Negative  gains  (periods  during  which  the  eye  went  in  the  same 
direction  as  the  head)  were  not  included  in  the  summaries  of  gain  (gain  was 
negative  in  <  2%  of  the  calculations).  Negative  gains  were  observed  only  near 
changes  in  direction  of  head  rotation. 

Subjects 

We  examined  natural  retinal  image  motion  in  seven  subjects  (four  myopes 
and  three  emmetropes).  Five  of  the  seven  subjects  served  in  a  extensive  series  of 
experiments,  and  only  their  data  will  be  described  in  detail  (the  other  two 
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subjects  did  not  differ  in  any  significant  way).  All  three  of  the  authors  served  as 
subjects,  but  only  HC  and  RS  had  served  in  oculomotor  experiments  before.  AM 
was  completely  inexperienced  as  an  oculomotor  subject.  The  other  two  subjects 
(EK  and  WC),  whose  performance  will  be  described  in  detail,  had  served  in  prior 
oculomotor  research,  but  neither  had  participated  with  free  heads  or  the  silicone 
annulus  technique.  Their  experience  was  confined  to  contact  lens  optical  lever 
and  double  Purkinje  image  tracker  experiments.  Subjects  ranged  in  age  from  21 
to  64  years  old.  All  had  20:20  Snellen  acuity  naturally  or  with  their  normal 
spectacle  corrections. 


Results 

Binocular  retinal  image  motion  was  determined  by  recording  positions  of  the 
eyes  and  head  in  space  relative  to  an  earth-fixed  framework  while  the  subjects 
maintained  fixation  of  a  distant  target  for  12.8  seconds.  Recording  sessions  began 
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Figure  1.  Six  illustrative  records  of  horizontal  smooth  compensatory  eye  and  head 
movements  of  subject  RS  fixating  a  distant  target  while  his  head  was  passively  or  actively 
rotated.  The  top  three  records  were  made  with  the  head  supported  by  a  bite-board  while 
the  body  was  rotated  at  three  frequencies:  0.00  Hz  (left),  0.33  Hz  (center),  and  0.66  Hz  (right). 
The  bottom  three  graphs  were  made  during  active  head  rotation  paced  by  a  metronome  at 
three  frequencies:  0.33  Hz  (left),  0.66  Hz  (center),  and  1.33  Hz  (right).  The  time-scale  marks 
signify  one-second  intervals.  The  position-scale  marks  signify  1°  distances.  The  head- 
position  traces  (H/10)  show  the  position  of  the  head  scaled  to  1/10  of  its  actual  value.  The 
gaze  (retinal  image  position)  of  the  right  eye  (RE)  is  shown  just  below  the  head  trace,  the 
gaze  of  the  left  eye  (LE)  is  shown  just  below  the  right  eye  trace,  and  the  vergence  of  the  eyes 
(LE-RE)  is  shown  at  the  bottom  of  each  record.  Upward  changes  in  the  head  and  eye  traces 
signify  leftward  movements.  Upward  changes  in  the  vergence  traces  signify  divergence. 
Saccades  have  been  removed  from  all  eye  traces.  Saccades  were  detected  by  an  accelera¬ 
tion  criterion  (see  text),  and  the  gaze  traces  were  corrected  for  the  changes  in  position 
introduced  by  saccades  by  assuming  that  smooth  compensatory  eye  movements  continued 
during  the  saccade  at  the  velocity  present  just  prior  to  saccade  onset.  Small  gaps  in  the 
traces  signify  when  saccades  occurred  and  were  removed. 
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Figure  2.  Six  illustrative  records  of  horizontal  smooth  compensatory  eye  and  head 
movements  of  subject  HC,  a  myope  wearing  his  normal  corrective  spectacles,  fixating  a 
distant  target  while  his  head  was  passively  or  actively  rotated.  Gaze  traces  have  been 
corrected  for  his  spectacles.  See  Figure  l  for  other  details. 


with  the  subject’s  head  supported  by  a  dental  bite-board.  This  unnatural  condi¬ 
tion  (0.00  Hz)  permits  examination  of  slow  compensatory  eye  movements  (VOR 
supplemented  by  vision)  when  head  movement  is  minimal.  Next,  recordings 
were  made  while  the  subject’s  head  remained  supported  by  the  bite-board  as  his 
chair  was  oscillated  sinusoidally  at  0.33  or  0.66  Hz  with  peak-to-peak  amplitude 
set  to  34°  (peak  velocities  -  35°  or  70° /second).  The  subject  then  removed  his 
head  from  the  bite-board,  and  a  series  of  recordings  were  made  during  active 
head  rotations  whose  frequencies  were  paced  by  a  metronome  (0.33, 0.66,  or  1.33 
Hz  where  peak  velocity  -  140°/second).  Subjects  tried  to  make  sinusoidal 
movements  and  keep  amplitude  similar  to  the  amplitude  of  the  passive  rotations. 
The  results  of  these  experiments  are  illustrated  in  Figures  1-5  and  summarized 
in  Tables  1  and  2. 

The  retinal  image  of  the  fixation  target  moved  very  little  only  when  the  head 
was  supported  artificially.  All  five  subjects,  whose  results  are  described  in  detail, 
performed  similarly  in  this  condition  (the  upper-left  recording  reproduced  in 
each  plate).  Note,  however,  that  the  head  movements,  which  did  occur  when  the 
head  was  stabilized,  were  only  modestly  compensated  by  eye  movements  (see 
Tables  1  and  2).  The  mean  speed  of  these  head  movements  on  the  bite-board  was 
31’/second  (SD  -  0.37).  The  mean  oculomotor  compensation  for  these  small, 
relatively  slow  head  movements  was  modest,  i.e.,  only  30%  (SD  -  23).  Now 
consider  the  illustrative  eye-  and  head-movement  records  made  during  active 
and  passive  rotation.  If  compensation  were  virtually  perfect,  gaze  and  vergence 
traces  would  approximate  horizontal  straight  lines— they  do  when  the  head  is 
almost  stabilized  by  the  bite-board  and  vestibular  compensation  is  not  required 
to  maintain  gaze  stability.  There  are  very  few  instances,  off  the  bite-board,  during 
which  it  seems  appropriate  to  speak  of  virtually  perfect  compensation,  and  even 
in  these  cases  virtual  perfection  is  achieved  by  only  one  eye.  This  causes 
considerable  imperfection  in  the  control  of  vergence.  See,  for  example,  subject 
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Ficure  3.  Six  illustrative  records  of  horizontal  smooth  compensatory  eye  and  head 
movements  of  subject  AM,  a  myope  wearing  his  normal  corrective  spectacles,  fixating  a 
distant  target  while  his  head  was  passively  or  actively  rotated.  Gaze  traces  have  been 
corrected  for  his  spectacles.  See  Figure  1  for  other  details. 


RS’s  gaze  and  vergence  during  passive  rotation  at  0.33  Hz  (top  center  in  Figure  1) 
and  at  0.33  and  0.66  Hz  during  his  active  rotations  (bottom  left  and  center). 
Subject  HC’s  right-eye  gaze  during  passive  rotation  at  0.33  Hz  (top  center  in 
Ficure  2)  and  to  a  lesser  degree  at  0.66  Hz  (top  right)  is  almost  as  good  as  when  his 
head  is  held.  In  all  other  instances  (subjects  and/or  eyes),  the  differences 
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Figure  4.  Six  illustrative  records  of  horizontal  smooth  compensatory  eye  and  head 
movements  of  subject  WC,  a  myope  wearing  his  normal  corrective  spectacles,  fixating  a 
distant  target  while  his  head  was  passively  or  actively  rotated.  Gaze  traces  have  been 
corrected  for  his  spectacles.  See  Figure  1  for  other  details. 
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between  compensation  during  head  movement  and  during  artificial  head  stabili¬ 
zation  are  striking.  These  “failures”  in  compensation  arise  from  both  overcom¬ 
pensation  and  from  undercompensation.  When  the  eye  movement  undercom¬ 
pensates,  the  gaze  trace  in  these  records  moves  in  the  same  direction  as  the  head. 
When  the  eye  movement  overcompensates,  the  gaze  trace  moves  in  the  direction 
opposite  to  the  head.  See,  for  example.  Figure  3.  This  subject,  AM,  undercom¬ 
pensates  with  his  left-eye  movements  and  overcompensates  with  his  right-eye 
movements  under  all  conditions.  The  other  subjects  show  similar  "failures,”  but 
they  tend  to  vary  with  conditions  of  stimulation,  e.g.,  WC  in  Figure  4  overcom¬ 
pensates  with  both  eyes  during  active  rotation,  but  his  right  eye  undercompen¬ 
sates  while  his  left  eye  continues  to  overcompensate  during  passive  rotations. 
WC’s  performance  in  these  records  was  idiosyncratic  but  consistent.  He  always 
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Figure  5.  Six  illustrative  records  of  horizontal  smooth  compensatory  eye  and  head 
movements  for  subject  EK.  a  myope  wearing  her  corrective  corneal  contact  lenses,  fixating 
a  distant  target  while  her  head  was  passively  or  actively  rotated.  Gaze  traces  did  not  require 
correction.  See  Figure  1  for  details. 


shows  these  patterns,  as  do  the  other  subjects,  each  of  whom  has  his  own 
binocular  compensatory  signature. 

Despite  these  differences  in  gaze  characteristics  within  and  between  individ¬ 
uals,  there  is  considerable  consistency  in  the  overall  pattern  of  data  summarized 
in  Table  2.  The  grand  mean  head-movement  speed  compensated  under  natural 
conditions  (i.e.,  excluding  measures  on  the  bite-board)  was  95%  (SD  -  2.1). 
Compensation  was  the  same  during  active  (mean  -  95%,  SD  -  2.4)  and  during 
passive  rotation  (mean  -  95%,  SD  =  1.9).  Vergence  speed  increased  very 
markedly  once  the  head  was  allowed  to  move.  The  grand  mean  increase  in 
vergence  speed  was  329%  (SD  =  249).  The  increase  was  greater  under  passive 
rotation  for  four  subjects  (mean  -  429%,  SD  -  249)  than  under  active  rotation 
(mean  -  178%,  SD  -  102).  The  opposite  result  was  obtained  with  the  other 
subject  (HC),  where  active  mean  increase  was  290%  (SD  -  164)  and  passive 
mean  increase  was  114%  (SD  -  59).  These  comparisons  could  be  made  only  for 
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Table  l 


Mean  Binocular  Retinal  Imace  and  Head  Speed  (min  arc/sec)  during  Active  and 
Passive  Head  Rotation  at  Several  Frequencies* 


Condition 

Head 

LE 

RE 

LE-RE 

Subject  RS  (n  -  8000} 

Passive  0.00  Hz 

25  (20) 

24  (19) 

21  (17) 

30(23) 

0.33  Hz 

1,408  (650) 

32  (37) 

49  (36) 

67  (44) 

0.66  Hz 

2,999  (1,445) 

79  (62) 

103  (70) 

124  (89) 

Active  0.33  Hz 

1,072  (760) 

42  (34) 

34  (35) 

50  (49) 

0.66  Hz 

2,281  (1,472) 

62  (54) 

43  (41) 

68(68) 

1.33  Hz 

5,006  (2,742) 

129  (119) 

86(80) 

113 (97) 

Subject  HC  In  -  4000) 

Passive  0.00  Hz 

39  (29) 

23 (21) 

24  (21) 

29(23) 

0.33  Hz 

1,361  (677) 

55 (60) 

44(56) 

50  (42) 

0.66  Hz 

2,927  (1,472) 

93  (76) 

70  (55) 

74  (63) 

Active  0.33  Hz 

908  (448) 

58  (53) 

43  (32) 

76  (58) 

0.66  Hz 

1,971  (1,010) 

104  (76) 

65  (44) 

149  (87) 

1.33  Hz 

3,862  (1,870) 

257 (190) 

113  (112) 

313  (200) 

Subject  AM  (n  -  9000) 

Passive  0.00  Hz 

43  (33) 

20(17) 

25  (20) 

31  (23) 

0.33  Hz 

1,412  (656) 

80(40) 

79  (53) 

150 (80) 

0.66  Hz 

2,947  (1,490) 

168  (84) 

154  (106) 

307 (164) 

Active  0.33  Hz 

1,081  (483) 

45  (32) 

50(18) 

85  (49) 

0.66  Hz 

2,042  (922) 

83  (50) 

83  (53) 

157 (77) 

1.33  Hz 

3,410  (1,796) 

146(82) 

136  (93) 

256(137) 

Subject  WC  (n  -  4000) 

Passive  0.00  Hz 

45  (34) 

19(16) 

23  (19) 

27  (20) 

0.33  Hz 

1.424  (685) 

58  (40) 

57  (38) 

98 (103) 

0.66  Hz 

3.166  (1,531) 

105 (74) 

126 (66) 

208  (101) 

Active  0.33  Hz 

1,207  (489) 

76  (100) 

47(37) 

65  (80) 

0.66  Hz 

2,461  (960) 

105 (100) 

77(52) 

86  (80) 

1.33  Hz 

4,584  (2,156) 

149  (84) 

131 (91) 

107  (76) 

Subject  EK  (n  -  5000) 

Passive  0.00  Hz 

22  (17) 

23  (18) 

21  (17) 

30  (23) 

0.33  Hz 

1,321  (652) 

70  (56) 

99(77) 

113 (83) 

0.66  Hz 

2,807  (1,357) 

340  (215) 

213  (140) 

184  (181) 

Active  0.33  Hz 

632  (359) 

44  (35) 

58  (43) 

67(47) 

0.66  Hz 

1,106  (487) 

73  (56) 

82  (52) 

79(52) 

1.33  Hz 

1,907  (919) 

133  (97) 

167 (93) 

116  (73) 

‘Standard  deviations  are  given  in  parentheses.  Speeds  are  based  on  35-msecond  velocity 
samples  after  removal  of  saccades.  The  approximate  number  (n)  of  speeds  contributing  to 
the  mean  speeds  is  shown  for  each  subject.  The  column  labeled  LE-RE  represents  the 
speed  of  vergence  eye  movements. 
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Table  2 


Percent  of  Head  Movement  Speed  Compensated  in  Each  Eye  and  the 
Percent  Increase  in  Vergence  Speed  during  Active  and 
Passive  Rotations  at  Several  Frequencies* 


Condition 

LE 

RE 

LE-RE 

Subject  RS  (n  -  8000) 

Passive  0.00  Hz 

4 

16 

0.33  Hz 

98 

97 

123 

0.66  Hz 

97 

97 

313 

Active  0.33  Hz 

96 

97 

67 

0.66  Hz 

97 

98 

127 

1.33  Hz 

97 

98 

277 

Subject  HC  (n  -  4000) 

Passive  0.00  Hz 

41 

38 

0.33  Hz 

96 

97 

72 

0.66  Hz 

97 

98 

155 

Active  0.33  Hz 

94 

95 

162 

0.66  Hz 

95 

97 

414 

1.33  Hz 

93 

97 

979 

Subject  AM  (n  -  9000) 

Passive  0.00  Hz 

53 

42 

0.33  Hz 

94 

94 

384 

0.66  Hz 

94 

95 

890 

Active  0.33  Hz 

96 

95 

174 

0.66  Hz 

96 

96 

406 

1.33  Hz 

96 

96 

726 

Subject  WC  (n  -  4000] 

Passive  0.00  Hz 

58 

49 

0.33  Hz 

96 

96 

263 

0.66  Hz 

97 

96 

670 

Active  0.33  Hz 

94 

96 

141 

0.66  Hz 

96 

97 

219 

1.33  Hz 

97 

97 

296 

Subject  EK  (n  -  5000) 

Passive  0.00  Hz 

-4 

5 

0.33  Hz 

95 

93 

277 

0.66  Hz 

88 

92 

513 

Active  0.33  Hz 

93 

91 

123 

0.66  Hz 

93 

93 

163 

1.33  Hz 

93 

91 

286 

*The  percent  compensation  is  based  on  the  ratio  of  eye  speed  to  head  speed.  The  percent 
increase  in  vergence  speed  is  based  on  the  ratio  of  vergence  speed  during  rotation  to 
vergence  speed  at  0.00  Hz  (head  on  bite-board). 
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0.33  and  0.66  Hz.  It  should  be  emphasized  at  this  point  that  all  subjects  always 
saw  the  fixation  field  as  fused,  clear,  and  stable  during  the  course  of  these 
experiments. 

We  conclude  that  virtually  perfect  compensation  of  head  rotation  by  the  VOR, 
supplemented  by  vision,  is  rarely  observed  when  head  rotations  are  within  “the 
natural  dynamic  range  of  semicircular  canal  stimulation.”8  The  proportion  of 
head  speed  that  is  compensated  during  natural  head  rotation  is  greater  than 
when  the  head  is  artificially  stabilized  on  a  bite-board,  which  permits  only  very 
small,  slow  head  rotations.  The  fact  that  compensation  is  particularly  poor  for 
very  small  rotations  has  been  reported  before  by  Skavenski,  Hansen,  Winterson, 
and  Steinman.9  These  authors  proposed  that  incomplete  compensation  may  aid 
vision  by  guaranteeing  sufficient  retinal  image  motion  when  bodily  movement  is 
very  modest.  Similar  results  were  obtained  subsequently  in  rabbit.10 

Adaptation  experiments  were  undertaken  to  determine  whether  the  rather 
high  retinal  image  speeds  observed  in  all  of  our  subjects  during  relatively  large 
bodily  movements  arose  from  limitations  of  their  oculomotor  compensatory 
subsystems  or  from  the  teleologically  attractive  alternative  suggested  by  Skav¬ 
enski  et  al.9  Adaptation  experiments  can  make  it  plausible  to  assert  that  the 
compensatory  subsystems  adjust  their  degree  of  compensation  so  as  to  guarantee 
some  nonzero  value  of  retinal  image  speed  that  subsequently  might  be  shown  in 
psychophysical  experiments  to  be  useful  and  perhaps  essential  to  visual  process¬ 
ing.  This  possibility  becomes  plausible  if  it  can  be  shown  that  the  amount  of 
compensation  preferred  by  a  given  subject  remains  the  same  when  the  VOR  is 
forced  to  change  its  gain  when  a  new  correlation  between  the  degree  of  head 
movement  and  the  resulting  displacement  of  the  retinal  image  is  introduced. 

We  knew  from  prior  work  that  adaptation  of  the  human  VOR  was  possible  but 
likely  to  be  both  slow  and  incomplete.  Gauthier  and  Robinson  reported  that 
Gauthier  partially  adapted  to  a  2x  telescope,  which  he  wore  continually  for  5 
days.12  Gonshor  and  Melvill  Jones  produced  adaptation  by  using  mirrors  or  dove 
prisms  to  reverse  the  direction  of  eye  movement  to  head  movement.8 13  Sixteen 
minutes  of  adaptation  with  the  mirror  on  3  consecutive  days  led  to  a  modest 
cumulative  reduction  in  VOR  gain  (VOR  gain  in  the  dark  started  at  about  0.75 
and  went  down  to  about  0.5).  Adaptation  of  14  days  with  continuously  worn  dove 
prisms  led  to  complete  elimination,  and  possibly  to  the  beginning  of  reversal,  of 
the  VOR.  Complete  adaptation  would  be  evidenced  by  negative  gains  of  0.75. 
Research  with  the  rhesus  monkey  gave  similar  expectations  of  slow  and  incom¬ 
plete  adaptation.1'1'1  Monkeys  fitted  with  2x  telescopes  required  3  days  to  reach 
60%  of  the  required  increase  in  VOR  gain  and  stayed  at  this  level  during  5 
subsequent  days.  Monkeys  fitted  with  -0.5x  telescopes  required  24  hours  to 
achieve  their  stable  level  at  54%  of  the  required  reduction  in  VOR  gain. 

We  began  our  experiments  in  this  context  and  proceeded  accordingly,  viz.,  we 
measured  VOR  baselines  in  the  dark  and  in  the  light,  fitted  magnifying  or 
minifying  spectacles,  measured  VOR  performance  with  these  spectacles,  and 
then  wore  them  continually  for  24  hours,  after  which  we  once  again  measured 
the  VOR  both  in  the  light  and  in  the  dark.  When,  after  about  a  month  of  such 
experiments,  it  became  possible  to  determine  what  had  been  happening,  we 
found  a  great  deal  of  adaptation  of  the  VOR  within  minutes  of  fitting  our 
magnifying  or  minifying  spectacles.  It  did  not  change  during  the  next  24  hours. 
This  unexpected  observation  led  to  specific  experiments  on  short-term  adapta¬ 
tion,  which  will  now  be  described.  (The  data  obtained  over  longer  periods  of 
adaptation  will  be  described  elsewhere.) 

Three  of  the  subjects  (the  authors)  served  in  these  experiments.  Two  (HC  and 
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AM)  are  myopic  and  had  worn  their  normal  negative  corrective  spectacles 
during  the  earlier  experiments  in  which  their  natural  retinal  image  motion  was 
measured.  The  technique  we  use  to  make  the  correction  for  spectacle  wearers 
when  we  describe  or  plot  their  gaze  will  be  described  here  because  the  rationale 
underlying  these  corrections  is  the  same  as  that  used  when  altering  the  normal 
relation  between  rotations  of  the  head  and  movements  of  the  fixation  target  on 
the  retina.  There  are  two  ways  to  determine  the  magnification  factor  required  to 
convert  eye  in  space  to  gaze  for  an  individual  wearing  spectacles.  First,  the 
power  of  the  spectacle  and  distance  to  the  center  of  the  eye’s  optics  can  be 
measured.  This  distance  is  difficult  to  determine  accurately.  The  second  method, 
the  one  employed,  is  behavioral.  It  permits  an  accurate  determination  because 
measurements  are  limited  only  by  the  stability  of  the  fixating  eye,  which  in  all  of 
our  subjects  was  better  than  5'. 

Our  behavioral  measurement  proceeded  as  follows.  The  subject’s  head  was 
supported  on  a  bite-board  attached  to  his  chair.  The  chair  could  be  rotated 
through  a  known  angle.  The  subject's  task  was  to  maintain  monocular  fixation  of 
a  distant  target  while  wearing  his  normal  spectacles.  Fixation  was  recorded  while 
the  head  faced  the  target  and  the  subject  looked  through  the  center  of  his 
spectacle.  The  spectacles  were  secured  to  the  head  by  tape  during  these 
measurements  and  during  all  subsequent  experiments.  The  head  was  then 
rotated,  to  the  right  or  to  the  left,  17°,  and  recordings  were  made  while  the  subject 
once  again  fixated  the  same  target  monocularly.  Now  his  eye  was  looking  at  the 
target,  but  the  line  of  sight  passed  through  an  off-center  portion  of  the  spectacle 
lens.  The  amount  of  rotation  of  the  eye  required  to  place  the  line  of  sight  on  the 
fixation  target  depends  on  the  power  of  the  spectacle  and  its  distance  from  the 
eye.  If  no  spectacle  is  worn,  the  required  rotation  of  the  eye  in  the  head  will  be 
equal  in  size,  but  opposite  in  direction,  to  the  rotation  of  the  head,  i.e.,  the 
magnification  factor  equals  one.  If  a  negative  spectacle  is  worn,  the  rotation  of 
the  eye  in  the  head  will  be  less  than  the  rotation  of  the  head  and  the  magnifica¬ 
tion  factor  will  be  less  than  one.  Positive  spectacles  will  give  magnification 
factors  greater  than  one.  This  behavioral  technique  was  reliable,  i.e.,  the  magnifi¬ 
cation  factors  for  a  given  subject’s  left  ariflt  right  eye  and  particular  pair  of 
spectacles  were  highly  reproducible.  The  validity  of  the  technique  was  deter¬ 
mined  by  making  similar  measurements  for  an  emmetrope  (RS)  whose  magnifi¬ 
cation  factor  for  each  of  his  eyes,  when  no  spectacles  were  worn,  was  within  1% 
of  unity  and  also  for  EK,  a  myope  wearing  corneal  contact  lenses  concurrent  with 
sensor-coil  annuli  who  also  had,  as  she  should,  a  magnification  factor  of  one. 

The  same  behavioral  technique  was  used  to  calibrate  the  spectacles  that  were 
used  to  encourage  adaptive  changes  in  the  VOR.  Subjects  HC  and  AM,  whose 
normal  spectacles  incorporate  about  -5  D  corrections,  were  fitted  with  +5  D 
spectacles  and  then  calibrated  behaviorally  in  the  manner  described  above.  We 
determined  that  both  subjects,  wearing  the  +5  D  spectacles,  would  have  to 
increase  rotations  of  their  eye  in  space  by  33%  if  they  wished  to  maintain  the 
same  stability  of  gaze  they  prefer  when  they  wear  their  normal  negative 
spectacles.  Requiring  a  myope  to  wear  a  positive  spectacle,  however,  introduces 
considerable  visual  blur.  It  was  for  this  reason  that  we  used  a  relatively  large 
colorful  fixation  target.  This  target,  even  when  grossly  defocused,  provided  a 
discriminable  chromatic  region  that  was  clearly  visible  within  what  was  now 
seen  as  a  fuzzy  grey  background. 

Following  the  calibration  of  the  novel  noncorrective  spectacles,  the  short¬ 
term  adaptation  experiment  was  done  as  follows.  A  sensor  coil  was  fitted  to  the 
right  eye,  and  the  positive  spectacles  were  fitted.  The  subject  was  placed  in 
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darkness  and  required  to  move  his  head  sinusoidally  in  pace  with  a  metronome 
set  at  0.66  Hz.  Very  shortly  after  he  began  to  move,  a  12.8-second  recording  was 
made.  The  subject  was  instructed  to  imagine  that  he  was  looking  at  the  distant 
fixation  target  while  he  moved  his  head  in  darkness.  This  record  provided  an 
estimate  of  VOR  gain  before  adaptation.  The  blinds  then  were  opened,  and  the 
subject  continued  moving  at  0.66  Hz  while  he  viewed  the  distant  defocused 
fixation  target.  A  12.8-second  trial  in  the  light  was  recorded  at  this  time.  The 
subject  continued  adapting  by  fixating  the  defocused  target  while  moving  his 
head  for  40  minutes  thereafter.  At  5-minute  intervals,  he  was  placed  in  total 
darkness  and  a  recording  was  made  followed  immediately  by  a  recording  of  his 
eye-movement  pattern  while  fixating  the  visible  target.  HC  continued  wearing 
the  positive  spectacles  for  24  hours,  and  recordings  were  then  made  both  in  the 
light  and  in  the  dark. 

RS,  a  presbyopic  emmetrope,  served  in  an  analogous  experiment.  He, 
however,  was  fitted  with  a  -5  D  pair  of  spectacles  that  required  him  to  reduce 
his  compensatory  responses  by  9%  (measured  behaviorally).  We  chose  this 
experiment  for  this  subject  because,  although  RS  does  not  require  spectacle 
correction  for  normal  distance  vision,  he  has  in  recent  years  found  it  necessary  to 
use  a  variety  of  magnifiers  to  read  and  to  perform  other  close  work.  We  wished  to 
avoid  any  contamination  of  his  adaptation  results  by  such  prior  exposures  to 
positive  adaptations  and  therefore  required  him  to  reduce,  rather  than  increase, 
his  compensatory  responses.  RS's  data  were  obtained  last  in  a  brief  experiment 
in  which  we  only  examined  the  adaptation  of  his  VOR  in  darkness  because  we 
already  knew  from  our  measurements  of  HC  and  AM  that  adaptation  with  a 
visual  stimulus  was  almost  instantaneous.  We  also  expected  that  a  9%  change 
would  be  completed  very  quickly. 

The  results  of  these  experiments  are  summarized  in  Figure  6.  The  preadapta¬ 
tion  gain  of  the  VOR  of  HC  and  AM,  the  myopic  subjects  who  will  be  fitted  with 


Figure  6.  VOR  gain  (35- 
msecond  eye-in-head  veloci- 
ty/35-msecond  head  velocity) 
in  the  light  (open  symbols)  and 
in  the  dark  (closed  symbols)  as 
a  function  of  adaptation  time. 
Subject  HC’s  performance  is 
shown  by  circles,  AM's  by 
triangles,  and  RS’s  by 
squares. 
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Figure  7.  Three  representative  records  of  subject  AM  imagining  a  distant  target  (left), 
doing  mental  arithmetic  (center),  or  imagining  a  target  attached  to  his  bite-board  holder 
(right).  Recordings  were  made  in  total  darkness  while  AM’s  head  was  supported  by  a 
bite-board  and  his  chair  was  rotated  at  0.33  Hz.  The  time-scale  marks  signify  one-second 
intervals.  The  position-scale  marks  signify  1°  distances.  The  trace  labeled  H/10  shows  the 
position  of  the  head  scaled  to  1/10  of  its  actual  value.  The  trace  labeled  RES  shows  the 
position  of  the  right  eye  in  space.  Gaps  in  the  eye  traces  show  when  saccades  have  been 
removed.  Mean  gains  (G)  are  also  given. 


positive  spectacles,  is  shown  at  time  zero.  Both  fail  to  compensate  completely 
with  their  right  eyes  in  the  light  as  well  as  in  the  dark— both  gains  -  0.90.  Exact 
compensation  for  the  introduction  of  the  positive  spectacles  would  require  their 
gain  to  increase  to  1.21.  Both  HC  and  AM  accomplished  this  adjustment  very 
rapidly  in  the  light;  HC  attained  this  level  within  1  minute  of  starting  the 
experiment.  AM  required  only  11  minutes  to  reach  asymptote.  Adaptation  of  the 
VOR  working  alone  in  the  dark  was  slower  and  less  complete.  Both  subjects, 
however,  achieved  a  great  deal  in  only  40  minutes.  AM’s  VOR  accomplished 
about  90%  of  the  required  change  in  this  time,  and  HC’s  about  70% .  The  circles 
at  the  right  show  HC’s  gains  in  the  light  and  in  the  dark  after  24  hours  during 
which  he  continued  to  wear  the  positive  spectacles.  These  values  fall  within  the 
range  observed  during  the  later  portion  of  the  initial  period  of  adaptation.  RS's 
adaptation  to  the  negative  spectacles,  requiring  a  9%  reduction  in  gain,  is  also 
reproduced  in  this  figure  (filled  squares).  His  baseline  gain  shown  at  time  zero 
was  0.96,  the  highest  natural  VOR  gain  observed  in  the  dark  in  any  of  our  subjects 
under  these  conditions.  RS  accomplished  about  85%  of  the  required  reduction 
within  6  minutes. 

Some  comment  about  the  gain  of  the  VOR  in  the  dark  is  both  necessary  and 
possible  at  this  time.  It  has  been  claimed  on  the  basis  of  behavioral,  but  never 
absolute,  calibrations  made  with  insensitive  eye  movement  monitors  (EOG)  that 
the  average  gain  of  the  VOR  in  the  dark  can  be  as  high  as  1.00.  Unity  gain  was 
observed  very  rarely  in  our  experiments  except  when  gain  was  forced  up  by 
artificial  optical  arrangements.  The  average  gain  of  the  natural  VOR  in  the  dark 
was  less  than  1.00.  Similar  observations  were  made  previously  in  a  smaller  series 
of  experiments  in  Rotterdam  and  also  in  Boston.39  It  also  has  been  claimed  that 
the  gain  of  the  VOR  in  the  dark  can  be  altered  markedly  and  systematically  by 
giving  specific  instructions  to  the  subject.” 

We  undertook  to  examine  this  second  claim,  also  based  on  behavioral 
calibrations  of  EOG,  now  that  we  knew  that  the  first  was  fallacious.  AM 
participated  in  this  experiment.  He  was  chosen  because  of  his  relative  inexperi¬ 
ence  as  an  oculomotor  subject  and  researcher.  The  results  are  summarized  in 
Figure  7  where  his  VOR  in  the  dark  is  shown  under  three  instructions:  imagining 
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the  distant  fixation  target  mounted  on  the  wall,  during  the  course  of  mental 
arithmetic,  and  while  imagining  a  target  attached  to  the  front  of  his  bite-board 
holder. 

We  recorded  five  trials  under  each  condition.  Their  mean  gains  are  included 
in  the  illustrative  analog  records.  Instructions  clearly  make  a  systematic  differ¬ 
ence.  Distraction  in  the  form  of  mental  arithmetic  will  reduce  gain  noticeably, 
and  almost  complete  cancellation  of  the  VOR  can  be  obtained  by  asking  a  subject 
to  imagine  a  target  moving  with  his  head.  Note,  however,  that  imagining  a  distant 
target  attached  to  the  wall  gave  a  mean  gain  of  0.83  not  1.00.  The  highest  right-eye 
average  gain  observed  for  this  subject  imagining  a  distant  stationary  target  was 
0.90.  His  left-eye  average  was  slightly  higher,  0.92. 

We  have  shown  quantitatively  in  Figure  6  that  the  gain  of  the  VOR  can 
exceed  one,  but  this  unnatural  state  required  adaptation  with  appropriate 
stimulation.  By  appropriate  stimulation  we  mean  novel  optical  arrangements  that 
forced  the  compensatory  subsystems  to  increase  their  response  in  the  effort  to 
reduce  the  retinal  image  slip  of  the  fixation  target.  Figures  8  and  9  illustrate  the 
changes  in  the  oculomotor  pattern  of  the  myopic  subjects  (HC  and  AM)  during 
the  course  of  adaptation  with  +5  D  spectacles  that  required  them  to  increase  gain 
well  beyond  unity. 

All  of  these  records  show  head  position  in  space  and  the  position  of  the  right 
eye  in  space  (RES).  The  top  records,  which  illustrate  performance  in  the  light, 
also  show  the  gaze  of  the  right  eye  (RE)  after  correction  for  spectacles.  The  first 
pair  of  records  in  each  plate  illustrate  preadaptation  performance  in  the  light 
(top)  and  in  the  dark  (bottom).  These  baselines  are  typical  of  the  right  eyes  of 
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Figure  8.  Six  records  of  a  myopic  subject's  (HC)  short-term  adaptation  to  +5  D 
spectacles.  The  upper  three  records  were  recorded  in  the  light  and  the  lower  three  records 
in  total  darkness  while  the  subject  actively  rotated  his  head  at  0.66  Hz.  The  time  (T)  these 
records  were  obtained  relative  to  the  start  of  adaptation  (T-0)  is  indicated.  The  time-scale 
marks  within  each  record  signify  one-second  intervals.  The  position-scale  marks  signify  1° 
distances.  The  trace  labeled  H/10  shows  the  position  of  the  head  scaled  to  1/10  of  its  actual 
value.  The  trace  labeled  RES  shows  the  position  of  the  right  eye  in  space.  The  trace  labeled 
RE  shows  the  gaze  (retinal  image  position)  of  the  right  eye  after  correction  for  the 
magnifying  spectacles.  Gaps  in  the  eye  traces  show  when  saccades  were  removed. 
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Ficure  9.  Six  records  of  a  myopic  subject's  (AM)  short-term  adaptation  to  +5  D 
spectacles.  See  Figure  8  for  other  details. 


these  subjects,  namely,  both  overcompensate  head  movement  [i.e.,  the  eye  in 
space  trace  (RES)  moves  opposite  to  the  direction  of  the  head]  and  both  show 
considerable  retinal  image  motion.  (The  mean  head  speed  compensated  by  HC 
was  97%  and  by  AM  was  96%. )  The  middle  records  in  these  plates  show 
performance  after  about  5  minutes  of  adaptation.  Gain  at  this  time  had  already 
exceeded  1.00;  the  eyes  in  space  both  in  the  light  (top)  and  in  the  dark  (bottom)  are 
now  moving  opposite  in  direction  to  movements  of  the  head  (see  RES  traces 
before  and  after  adaptation).  Adaptation  was  almost  over  in  the  records  shown  bn 
the  right,  which  were  made  about  10  minutes  into  the  adaptation  period. 

The  gaze  traces  (RE)  are  of  particular  interest  because  they  show  the  retinal 
image  motion  that  the  compensatory  subsystems  chose  as  optimal  before  and 
after  adaptation.  Note  that  marked  changes  in  gain  produced  by  novel  optical 
arrangements  reestablished  the  pattern  of  retinal  image  motion  preferred  before 
adaptation.  The  mean  head  speed  compensated  in  the  light  after  adaptation, 
when  gain  had  increased  33%,  was  95%  for  HC  and  97%  for  AM — values  very 
similar  to  the  compensation  shown  by  these  subjects  when  they  wore  their 
normal  corrective  spectacles  before  adaptation.  It  is  important  to  realize  that 
when  we  pushed  the  compensatory  subsystems  from  their  natural  low  gain  to  an 
unnatural  high  gain,  gain  moved  through  values  that  would  have  allowed 
virtually  perfect  stabilization  of  the  retinal  image.  Had  virtually  perfect  stability 
been  the  goal  of  the  compensatory  subsystems,  they  should  have  stopped 
adapting  at  this  time.  They  did  not.  This  result  permits  us  to  conclude  that  the 
compensatory  subsystems  seek  some  appreciable  nonzero  retinal  image  speed 
rather  than  virtually  perfect  image  stability. 


Discussion 

We  report  two  kinds  of  observations.  Some  extend  our  prior  work  on  natural 
binocular  image  motion  and  others  begin  to  examine  its  origin  and  change. 
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We  confirmed,  in  additional  subjects,  our  observations  initially  made  in  the 
Netherlands  that  natural  binocular  retinal  image  motion  is  appreciable,3  and 
extended  the  observations  to  show  that  this  is  equally  true  with  active  and 
passive  rotations.  We  also  confirmed  that  the  gain  of  the  VOR  in  the  dark  can  be 
changed  by  instructions."  We  did  not  find  that  instructions  can  produce  natural 
average  unity  gain  of  the  VOK  in  the  dark.  This  last  observation  does  not  seem  to 
require  discussion  beyond  calling  attention  to  the  fact  that  we,  unlike  all  others, 
used  a  sensitive  instrument  for  measuring  eye  movement  that  is  calibrated 
absolutely  rather  than  behaviorally. 

Our  other  observations  were  completely  unexpected.  Our  demonstration  that 
the  slow  compensatory  subsystems  adjust  their  gain  very  rapidly  and  almost 
completely  in  the  dark  to  novel  visual  demands  conflicts  with  prior  reports  both 
for  man  and  infrahuman  primates.1'8-12"14  If,  for  the  sake  of  discussion,  we  take 
these  prior  EOG  measurements  at  face  value,  we  can  discuss  two  more-or-less 
plausible  explanations. 

Perhaps  we  obtained  such  rapid  and  almost  complete  adaptation  because  we 
challenged  the  vestibular  system  only  modestly.  Prior  authors  generally  required 
much  larger  changes  in  oculomotor  compensation:  2x  in  Gauthier  and  Robinson 
and  complete  reversal  in  Gonshor  and  Melvill  Jones.8,12-’3  It  is  only  in  the 
infrahuman  primate  literature  that  we  have  data  on  adaptation  to  a  relatively 
modest  change — in  line  with  the  demands  we  made.  Miles  and  Eighmy  required 
their  monkeys  to  reduce  VOR  gain  by  50%.’  We  required  33%  increases  in  gain. 
Miles  and  Eighmy  observed  that  adaptation  proceeded  faster  when  they  required 
a  50%  change  than  when  they  required  a  100%  change.  However,  their  monkey’s 
adaptation  in  the  dark  to  50%  minification  was  only  54%  complete  after  24  hours 
and  showed  no  signs  of  going  further  over  8  days.  We  obtained  70%  changes  for 
one  subject  and  90%  changes  for  the  other  subject  when  we  required  a  33% 
increase.  Our  changes,  which  were  accomplished  within  40  minutes,  were  stable 
for  periods  as  long  as  24  hours.  This  difference  in  results  may  arise  simply  from 
the  species  difference.  If  this  proves  to  be  the  explanation,  rhesus  would  seem  to 
be  a  poorer  animal  model  for  the  human  than  most  physiologists  would  like  to 
believe. 

There  is  another  difference  between  our  experiments  and  prior  human  and 
animal  work.  Namely,  we  used  simple  spectacles  to  change  magnification  factors 
both  upwards  and  downwards.  This  optical  arrangement  is  cost  effective,  but  it 
has  severe  adverse  effects  on  the  clarity  of  vision.  It  is  possible,  although  it  seems 
unlikely  to  us,  that  our  failure  to  provide  a  sharply  focused  visual  world  allowed 
the  vestibular  system  to  be  more  plastic  than  it  would  be  when  the  clarity  of 
vision  is  preserved.  This  explanation,  as  well  as  the  possibility  of  slower 
vestibular  adaptation  to  larger  challenges  than  we  have  tried  thus  far,  must  be 
tested  empirically.^:  Despite  the  desirability  of  examining  these  possibilities,  the 
fact  remains  that  a  small,  blurred  foveal  stimulus  is  sufficient  to  promote  rapid 
and  marked  adaptation  of  the  VOR. 

We  proposed  at  the  beginning  of  this  paper  that  the  goal  of  compensatory  eye 
movements  might  be  to  establish  nonzero  gaze  velocities  (retinal  image  motions) 
that  are  optimal  for  vision.  We  have  added  plausibility  to  this  idea  by  demonstrat¬ 
ing  that  the  compensatory  subsystems  rapidly  adapt  to  some  nonzero  value  of 
gaze  velocity.  We  now  must  study  individual  visual  capacities  with  known  gaze 

$Note  added  in  proof:  We  found  in  subsequent  research  that  rapid  adaptation  occurs 
when  clear  vision  is  preserved. 
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velocities  and  show  that  the  gaze  velocities  preferred  by  an  individual  are 
optimal  for  that  individual’s  visual  requirements. 
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VESTIBULAR  HABITUATION  IN  MAN  AND  MONKEY 
DURING  SINUSOIDAL  ROTATION* 
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Introduction 

Sailors  or  airplane  pilots,  who  through  their  professions  are  regularly  exposed 
to  vestibular  stimuli  or  unusual  combinations  of  visual-vestibular  stimulation, 
have  nystagmus  on  the  BSr^ny  rotatory  chair  in  the  dark  that  is  of  shorter  than 
average  duration.  In  these  professionals,  initial  side  effects  also  soon  subside 
when  exposed  to  unexpected  combinations  of  visual-vestibular  interaction  that 
otherwise  commonly  lead  to  motion  sickness.1  Until  about  1920,  a  “good” 
vestibular  response  was  considered  to  be  nystagmus  of  long  duration.  Therefore, 
many  of  the  most  experienced  airplane  pilots  of  the  United  States  Air  Force  were 
barred  from  further  flying  after  vestibular  testing  on  rotatory  chairs  had  been 
introduced.  This  led  to  a  prolonged  controversy,  more  studies  were  performed, 
and  the  pilots  were  finally  reinstituted  in  their  jobs.  The  fact  that  a  short 
nystagmus  duration  after  repeated  exposure  to  vestibular  stimulation  is  based  on 
habituation  is  therefore  not  only  acknowledged  scientifically  but  also  accepted 
legally.7111 

In  all  studies,  habituation  has  been  achieved  by  repeated  exposures  to  stimuli 
that  induce  vestibular  nystagmus,  which  include  pulses  of  acceleration  and 
caloric  irrigation  of  the  external  ear.  Habituation  seems  to  be  direction  specific,12 
and  transfer  from  one  mode  of  stimulation  to  any  other  is  limited  (for  review,  see 
Reference  6).  Pulses  of  angular  acceleration  in  the  dark,  i.e.,  velocity  steps, 
regularly  lead  to  a  shortening  of  nystagmus.  Mathematically,  a  velocity  step  can 
be  thought  of  as  the  sum  of  sine  waves  of  different  frequencies.  Gonshor  and 
Melvill  Jones  have  shown  for  humans,  and  Kleinschmidt  and  Collewijn  for 
rabbits,  that  continued  sinusoidal  rotation  at  a  frequency  of  0.16  Hz  does  not  lead 
to  habituation.9 13  Therefore  the  question  remained  whether  only  combinations  of 
frequencies  like  velocity  steps  are  effective,  or  whr'aer  single  frequencies  also 
are  effective  when  applied  separately. 

We  will  address  ourselves  to  the  following  questions.  What  stimuli  lead  to 
habituation?  How  can  it  be  measured?  How  does  it  relate  to  unit  activity  in  the 
neurons  along  the  vestibulo-ocular  reflex  arc  (VOR)?  How  can  animal  experi¬ 
ments  be  related  to  human  physiology  and  the  subjective  sensation  of  motion? 

Methods 

Monkeys  (Macaco  mulatto)  were  prepared  chronically  with  implantation  of 
eye  electrodes,  a  microdrive  receptacle  for  single-unit  recordings,  and  bolts  for 
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head  fixation.  Animals  were  seated  on  a  servo-controlled  turntable.  They 
received  amphetamine  (0.5  mg/kg  intramuscularly)  to  maintain  a  constant  level 
of  alertness.  All  relevant  data  were  stored  on  FM  tape  and  written  out  on  an 
oscillograph,  from  which  measurements  were  made. 

In  human  subjects,  eye  movements  were  recorded  with  d.c.  oculography. 
Subjective  motion  sensation  was  indicated  by  turning  a  handle  fixed  to  the  shaft 
of  a  potentiometer.  One  subjective  360°  turn  was  indicated  by  one  full  turn  of  the 
handle.  Data  processing  was  the  same  as  for  monkeys. 

Time  constants  of  nystagmus,  motion  sensation,  or  single-unit  data  were 
measured  from  velocity  steps  or  the  response  to  sinusoidal  rotation  at  different 
frequencies.  The  decline  time  constant  after  pulses  of  angular  acceleration  was 
determined  as  the  time  elapsed  between  maximum  response  at  the  end  of 
acceleration  and  the  time  the  response  had  declined  to  1/e  (37%)  of  the  initial 
value.  Time  constants  also  were  determined  from  frequency  response  curves:  the 
two  frequencies  that  lay  below  or  above  the  point  of  45°  phase  advance  were 
determined,  and  the  curve  was  extrapolated  to  the  value  at  45°.  The  frequency  at 
this  value  was  then  taken  to  calculate  the  time  constant.8 


Results 

Habituation  in  the  Monkey 

After  it  had  been  shown  that  pulses  of  angular  acceleration  lead  to  habitua¬ 
tion  (review  in  Reference  6),  the  question  remained  as  to  whether  rotation  with  a 
sinusoidal  velocity  profile  is  equally  effective.  In  a  systematic  study,  monkeys 
were  rotated  with  different  sinusoidal  frequencies."  Habituation  always 
occurred  if  the  stimulus  frequency  was  below  0.1  Hz.  An  example  is  shown  in 
Figure  1.  Above,  two  selected  frequencies  of  rotation  in  the  naive  animal.  Below, 
the  same  two  frequencies  tested  again  after  the  monkey  was  habituated.  There  is 
an  increase  in  phase  angle  between  stimulus  and  nystagmus  slow-phase  velocity, 
and  a  concomitant  decrease  in  gain.  This  monkey  was  rotated  at  different 
frequencies  between  0.002  and  0.5  Hz  in  17  sessions,  each  lasting  about  60 
minutes.  This  led  to  a  shift  of  the  frequency  response  curve,  as  shown  in  Figure 
2.  Initially,  the  point  of  45°  phase  advance  occurred  at  a  frequency  of  about 
0.0045  Hz,  corresponding  to  a  time  constant  of  36  seconds.  After  the  habituation, 
the  point  of  45°  phase  advance  shifted  to  a  frequency  of  0.015  Hz.  This 
corresponds  to  a  time  constant  of  less  than  11  seconds  or  a  reduction  to  less  than 
one-third  of  the  initial  value. 

The  curves  in  Figure  2  show  the  greatest  divergence  in  a  medium-frequency 
range  between  0.005  and  0.05  Hz.  At  frequencies  above  or  below,  the  curves 
converge.  Specifically,  neither  phase  angles  nor  gain  changes  at  rotational 
frequencies  above  0.1  Hz.  This  confirms  earlier  studies  by  Gonshor  and  Melvill 
Jones  and  Kleinschmidt  and  Collewijn,813  and  can  be  generalized:  habituation 
only  occurred  with  a  stimulus  frequency  at  which  the  naive  animal  already  had 
exhibited  some  phase  advance.  This  phase  angle  then  increased  during  habitua¬ 
tion.  Extended  rotation  with  only  a  single  medium  frequency  nevertheless  led  to 
a  shift  of  the  whole  frequency  response  curve,  similar  to  that  shown  in  Figure  2. 
Even  if  a  frequency  was  chosen  at  which  the  naive  animal  already  had  exhibited 
a  phase  advance  of  90°,  habituation  occurred,  with  a  shift  of  the  frequency 
response  curve,  although  no  great  change  could  be  observed  at  the  stimulus 
frequency  that  was  already  in  phase  with  acceleration.  An  example  is  shown  in 
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Figure  3.  This  animal  was  rotated  at  a  frequency  of  0.002  Hz  for  1  hour  eight 
times  over  a  period  of  35  days.  Before  the  first  trial  and  after  the  last  one,  a  pulse 
of  acceleration  was  given.  Time  constants  could  then  be  measured  as  response 
decline.  Time  constants  measured  in  this  way,  or  calculated  from  frequency 
response  curves,  correspond  well  with  each  other.  The  insert  in  Figure  3  shows 
the  reduction  of  the  time  constant  over  several  sessions.  The  recovery  from  one 
session  to  the  next  is  very  little,  and  differentiates  habituation  from  fatigue. 

These  results  show  that  prolonged  rotation  with  a  sinusoidal  velocity  profile 
leads  to  habituation.  Acquisition  is  fast  and  can  occur  over  half  an  hour. 
Retention,  once  the  time  constant  has  been  reduced  to  values  of  less  than  15 
seconds,  is  long — in  the  range  of  months.  The  time  constant  has  been  found  to  be 
a  good  and  sufficient  characterization  of  the  state  of  habituation,  since  different 
modes  of  measurement  (sinusoidal  rotation  or  step  responses)  can  be  compared. 


phase  lead 
(deg) 


freq  (Hz) 


Figure  2.  Frequency  response  curve  from  one  animal  before  and  after  17  sessions  of 
sinusoidal  rotation  at  the  frequencies  indicated  on  the  abscissa.  The  greatest  change  in 
phase  angle  occurs  at  frequencies  between  0.005  and  0.02  Hz.  The  gain  shows  a 
corresponding  decrease.  At  frequencies  above  0.1  Hz,  no  change  is  evident. 


Habituation  as  Reflected  in  Neuronal  Activity  alon g  the  VOR  Pathway 

Fernandez  and  Goldberg  recorded  from  single  fibers  of  the  vestibular  nerve  in 
anesthetized  squirrel  monkeys.8  Time  constants  of  neuronal  activity  were  6 
seconds  on  average,  with  little  variation.  Bdttner  and  Waespe  recorded  from 
vestibular  nerve  fibers  in  alert  rhesus  monkeys,  specifically  comparing  time 
constants  of  neuronal  activity  with  the  simultaneously  measured  nystagmus,  after 
pulses  of  acceleration.8  Fibers  always  had  a  time  constant  of  about  6  seconds, 
while  nystagmus  time  constants  were  always  longer,  varying  between  8  and  24 
seconds  in  their  sample. 

Activity  of  neurons  in  the  vestibular  nuclei  always  shows  a  close  correspon¬ 
dence  to  nystagmus  velocity  during  angular  acceleration  in  the  dark.  Experimen¬ 
tally  naive  monkeys  have  long  time  constants  both  for  nystagmus  and  for 
neuronal  activity  in  the  vestibular  nuclei.3  In  habituated  animals,  the  time 
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FIGURE  3.  Reduction  of  time  constant  in  a  monkey  after  eight  90-minute  periods  of  rotation  at  a  frequency  of  0.002  Hz.  The  time  constant 
(arrow)  is  reduced  from  a  value  of  43  seconds  to  about  10  seconds.  The  insert  gives  the  course  of  the  change.  Once  the  time  constant  has  been 
reduced,  there  is  little  recovery  even  over  periods  of  three  weeks  (between  second  and  third  sessions  on  days  2  and  24). 
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constants  for  both  nystagmus  and  unit  activity  are  similar  and  short.  This  places 
the  process  of  habituation  beyond  the  first-order  neuron.  How  it  is  achieved  and 
what  anatomical  structures  are  involved  are  not  known.  However,  the  effect  of 
habituation  can  be  measured  in  all  second-order  neurons  of  the  vestibular 
nuclei. 


Habituation  in  Humans 

Stipulated  by  the  results  from  animal  experiments,  a  similar  series  was 
performed  in  humans.  Figure  4  shows  the  response  from  one  subject  before  (A) 
and  after  (B)  77  minutes  of  continued  rotation  with  a  sinusoidal  velocity  profile. 


phase  angle  (deg) 


o  20  40  60  80  min 

Figure  5.  Increase  in  phase  angle  of  nystagmus  velocity  for  one  human  subject  during 
continued  rotation  at  a  frequency  of  0.01  Hz.  During  the  first  cycle,  the  phase  angle  is  45°.  It 
steadily  increases  until  it  reaches  a  plateau  at  about  60°  after  one  hour  rotation. 


In  the  upper  part  of  this  figure  is  the  response  to  a  velocity  step.  The  initial  decay 
time  constant  of  nystagmus  was  23  seconds.  After  77  minutes  rotation,  it  had 
declined  to  a  value  of  13  seconds.  In  the  lower  part,  the  2nd  cycle  is  shown  along 
with  the  46th  cycle,  which  completes  this  session  of  continued  rotation  at  a 
frequency  of  0.01  Hz.  There  is  an  increase  in  phase  angle  together  with  a 
decrease  in  gain.  Subjective  velocity,  continuously  indicated  as  subjective  posi¬ 
tion,  shows  a  similar  change.  Acquisition  of  habituation  was  as  fast  as  in  the 
monkey.  Figure  5  shows  the  phase  angles  for  consecutive  individual  cycles  of 
rotation  at  the  subject's  first  session.  Phase  angles  continuously  increase  and  then 
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tend  to  level  off  at  a  plateau.  The  gain  exhibits  a  corresponding  decrease  over  the 
same  time.  Retention  is  also  similar  to  that  seen  in  monkeys.  Once  the  time 
constant  had  been  reduced  to  a  value  below  15  seconds,  it  tended  to  stay  at  that 
value  over  periods  of  at  least  several  weeks. 

In  an  initial  series,  10  human  subjects  were  continuously  rotated  at  a 
frequency  of  0.01  Hz  only.  This  was  carried  out  using  different  protocols.  Single 
rotation  periods  were  systematically  varied  between  30  and  80  minutes  repeated 
daily  over  periods  of  five  days.  Results  were  essentially  the  same,  independent  of 
protocol  details.  In  most  cases,  the  initial  time  constant,  which  ranged  between  15 
and  30  seconds,  was  reduced  to  values  between  8  and  15  seconds. 

This  shows  that  in  humans,  as  in  monkeys,  rotation  with  a  single  frequency 
can  lead  to  habituation  if  that  frequency  is  smaller  than  0.1  Hz.  In  each  case,  the 
entire  frequency  curve  is  shifted  as  the  result  of  habituation. 

Subjective  velocity  estimation  changes  in  parallel  to  the  nystagmus.  Velocity 
estimation  tends  to  have  a  slightly  higher  threshold  and  an  even  shorter  time 
constant.  Signs  of  motion  sickness  were  not  observed.  On  the  contrary,  subjects 
usually  and  spontaneously  reported  that  they  enjoyed  the  rotation  with  a 
sinusoidal  velocity  profile.  Some  of  the  subjects  in  other  tests  of  visual- vestibular 
interaction  initially  complained  about  motion  sickness,  which  often  forced  such 
experiments  to  be  terminated.  All  subjects,  after  the  habituation  process,  had  a 
clearly  raised  threshold  for  motion  sickness. 


Conclusions 

Experiments  on  vestibular  habituation  performed  in  monkeys  as  well  as  in 
humans  led  to  essentially  similar  results.  Prolonged  rotation  with  a  sinusoidal 
velocity  profile  is  a  powerful  stimulus  that  leads  to  habituation  if  a  stimulus 
frequency  smaller  than  0.1  Hz  is  chosen.  Similar  results  were  obtained  by  Blair 
and  Gavin.2  The  full  transfer  function  of  nystagmus  for  naive  and  habituated 
monkeys  has  been  described  by  Buettner  et  ai*  Even  if  only  a  single  frequency 
was  applied,  the  whole  frequency  response  curve  shifted  toward  values  of 
greater  phase  angles.  The  state  of  habituation  can  be  characterized  by  a  single 
number,  the  value  of  the  dominant  time  constant.  It  can  be  reduced  to  values 
smaller  than  10  seconds,  but  probably  not  below  the  time  constant  of  activity  in 
the  vestibular  nerve,  which  is  6  seconds  in  the  monkey. 

In  humans,  nystagmus  and  subjective  motion  sensation  were  measured.  Both 
parameters  had  similar  values,  with  motion  sensation  usually  having  a  slightly 
higher  threshold  and  a  shorter  time  constant. 

In  monkeys,  nystagmus  and  single  units  in  the  vestibular  nuclei  were 
recorded.  Time  constants  for  both  were  similar  and  always  varied  together.  This 
places  the  process  of  habituation  into  central  neural  structures.  The  earlier 
studies  that  link  nystagmus  duration  to  peripheral  parameters  like  cupula 
stiffness  need  therefore  to  be  reinterpreted.10  On  more  theoretical  grounds,  Mach 
has  already  stipulated  that  nystagmus  duration  cannot  be  equated  with  actual 
cupula  motion.14 

Most  forms  of  vestibular  stimulation  in  the  dark  lead  to  a  shortening  of  time 
constants.  No  stimulus  condition  has  been  worked  out  yet  that  would  lead  to  a 
lengthening  of  the  vestibular  time  constant.  This  has  to  be  taken  into  account 
when  patients  are  repeatedly  tested.  One  then  has  to  differentiate  between  the 
physiological  effects  of  habituation  and  an  altered  response  based  on  pathology. 
Our  experimental  results  imply  that  there  is  no  single  normal  value  for  the 
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nystagmus  time  constant.  Instead,  there  is  a  wide  range  between  at  least  10-30 
seconds,  all  of  which  can  be  found  in  normal,  healthy  subjects  depending  on 
their  current  state  of  habituation.  If  average  values  were  taken  from  a  large 
population,  a  single  value  with  a  rather  small  standard  deviation  might  emerge. 
However,  this  would  be  an  artifact,  caused  by  our  rather  similar  sedentary 
life-styles. 

Might  there  be  an  advantage  for  humans  to  have  a  short  vestibular  time 
constant?  Preliminary  experiments  have  shown  that  humans  might  be  less  prone 
to  the  symptoms  of  motion  sickness.  Habituation  with  sinusoidal  velocity  profiles 
were  uniformly  reported  as  a  pleasant  experience.  This  stands  in  contrast  to  the 
experience  with  the  usual  programs  that  are  aimed  at  reducing  motion  sickness. 
It  remains  to  be  investigated  whether  habituation  with  sinusoidal  stimulation 
would  lead  to  a  measurable  relief  from  motion  sickness,  or  even  from  patholog¬ 
ical  dizziness  in  patients. 


Summary 

Habituation  of  the  vestibular  system  by  repeated  steps  of  angular  velocity 
leads  to  a  shortening  of  nystagmus.  These  steps  can  be  broken  down  into 
different  frequency  sinusoids.  High-frequency  sinusoidal  rotation  (above  0.1  Hz) 
generally  was  found  to  be  ineffective,  while  low-frequency  stimulation  (0.0015- 
0.05  Hz)  led  to  a  dramatic  shortening  of  time  constants  after  only  a  few  cycles  of 
stimulation.  In  the  alert  monkey,  time  constants  of  vestibular  nystagmus  and 
single  units,  recorded  from  the  vestibular  nuclei,  are  always  similar  and  covary 
together.  Experiments  in  humans,  with  measurement  of  nystagmus  and  subjec¬ 
tive  velocity  sensation,  suggest  similar  processes  for  habituation. 


References 

1.  Abels,  H.  1906.  Ueber  Nachempfindungen  im  Gebiete  des  kinSsthetischen  und 

statischen  Sinnes.  Z.  Psychol.  43: 268-422. 

2.  Blair,  S.  &  M.  Gavin.  1979.  Response  of  the  vestibulo-ocular  reflex  to  differing 

programs  of  acceleration.  Invest.  Ophthalmol.  18: 1086-1090. 

3.  Buettner,  U.  W.,  U.  Buttner  4  V.  Henn.  1978.  Transfer  characteristics  of  neurons  in 

vestibular  nuclei  of  the  alert  monkey.  J  Neurophysiol.  41: 1614-1628. 

4.  Buettner,  U.  W.,  V.  Henn  &  L.  R.  Young.  1981.  Frequency  response  of  the  vestibulo- 

ocular  reflex  (VOR)  in  the  monkey.  Aviat.  Space  Environ.  Med.  52: 73-77. 

5.  BOttner,  U.  &  W.  Waespe.  1981.  Vestibular  nerve  activity  in  the  alert  monkey  during 

vestibular  and  optokinetic  nystagmus.  Exp.  Brain  Res.  41: 310-315. 

6.  Collins,  W.  E.  1974.  Habituation  of  vestibular  responses  with  and  without  visual 

stimulation.  In  Handbook  of  Sensory  Physiology.  H.  H.  Komhuber,  Ed.  612: 369-388. 
Springer  Verlag.  Berlin,  Heidelberg  4  New  York. 

7.  Dunlap,  K.  1919.  The  nystagmus  test  and  practice.  J.  Am.  Med  Assoc.  73: 54-55. 

8.  FernAndez,  C.  &  J.  M.  Goldberg.  1971.  Physiology  of  peripheral  neurons  innervating 

semicircular  canals  of  the  squirrel  monkey.  II.  Response  to  sinusoidal  stimulation 
and  dynamics  of  peripheral  vestibular  system.  J.  Neurophysiol.  34: 661-675. 

9.  Gonshor,  A.  4  G.  Melvill  Jones.  1969.  Investigation  of  habituation  to  rotational 

stimulation  within  the  range  of  natural  movement.  In  Proceedings,  Aerospace 
Medicine  Association  Meeting,  San  Francisco,  Calif.:  94-95. 

10.  Groen,  ).  J.  1957.  Cupulometry.  Laryngoscope  67: 894-905. 

11.  Jager,  J.  4  V.  Henn.  1981.  Habituation  of  the  vestibulo-ocular  reflex  (VOR)  in  the 

monkey  during  sinusoidal  rotation  in  the  dark.  Exp.  Brain  Res.  41: 108-114. 


Jager  &  Henn:  Vestibular  Habituation 


339 


12.  Jeannerod,  M.,  G.  Clement,  J.  H.  CouRjON  &  R.  Schmid.  1981.  Unilateral  habituation 

of  vestibulo-ocular  responses  in  the  cat.  Ann.  N.Y.  Acad.  Sci.  (This  volume.) 

13.  Kleinschmidt,  H.  J.  &  H.  Collewijn.  1975.  A  search  for  habituation  of  vestibulo-ocular 

reactions  to  rotatory  and  linear  sinusoidal  acceleration  in  the  rabbit.  Exp.  Neurol. 
47:  257-267. 

14.  Mach,  E.  1875.  Grundlinien  der  Lehre  von  den  Bewegungsempfindungen.  W.  Engel- 

mann.  Leipzig,  Germany.  (Also  1967.  Bonset,  Amsterdam,  the  Netherlands.) 

15.  Mowrer,  O.  H.  1934.  The  modification  of  vestibular  nystagmus  by  means  of  repeated 

elicitation.  Comp.  Psychol.  Monogr.  9: 1-48. 


UNILATERAL  HABITUATION  OF  VESTIBULO-OCULAR 
RESPONSES  IN  THE  CAT 


M.  Jeannerod,  G.  Clement,  and  J.  H.  Courjon 


Laboratory  of  Experimental  Neuropsychology 


INSERM  U94 
69500  Bron,  France 


R.  Schmid 


Institute  of  Computer  and  Systems  Science 
University  of  Pavia 
1-27100  Pavia,  Italy 


Introduction 

Vestibular  habituation  is  known  to  be  direction  specific.  When  the  animal  is 
submitted  to  repeated  unidirectional  accelerations  or  unilateral  calorization 
(vestibular  training),  the  vestibulo-ocular  reflex  (VOR)  decreases  in  one  direction 
only.1-* 

Unidirectional  VOR  decline  also  can  be  obtained  by  repeatedly  presenting  a 
stationary  subject  with  large  visual  scenes  moving  in  one  direction  (optokinetic 
training).  In  that  case,  the  progressive  VOR  decrease  occurs  for  responses  to 
subject’s  rotations  in  the  direction  opposite  to  that  of  the  previous  pure  visual 
stimulation.5" 

Based  on  these  results.  Young  and  Henn  concluded  that  the  necessary 
condition  for  vestibular  habituation  to  take  place  is  the  generation  of  a  repeated 
and  consistent  motion  sensation,7  which  actually  can  be  produced  by  either 
vestibular  or  optokinetic  stimulation.9  However,  whether  VOR  decline  during 
vestibular  habituation  induced  by  repeated  vestibular  and  visual  stimulations 
relies  upon  a  single  mechanism  (and  eventually  upon  a  single  neural  structure) 
has  not  yet  been  established.  A  comparative  description  of  the  two  phenomena  is 
needed  to  answer  this  question.  In  the  present  study,  unilateral  VOR  changes 
have  been  reinvestigated  in  cats  exposed  to  vestibular  and/or  optokinetic  train¬ 
ing.  The  transfer  of  vestibular  habituation  acquired  with  one  type  of  stimulation 
to  oculomotor  responses  induced  by  the  other  type  also  has  been  examined. 


Methods 

Adult  cats  were  implanted  under  Nembutal  anesthesia  (35  mg/kg,  intraperi- 
toneally)  with  AgCl  electrodes  for  recording  eye  movements  in  the  horizontal 
plane.  A  head-fixation  device  also  was  sealed  to  the  skull. 

Experiments  were  not  begun  until  the  fourth  postoperative  day.  Each  animal 
underwent  an  experimental  protocol  that  involved  preexposure  testing,  exposure 
to  vestibular  or  optokinetic  training,  and  postexposure  testing. 

During  testing  sessions  as  well  as  during  training  sessions,  animals  were 
placed  in  a  hammock,  with  their  head  secured  at  the  center  of  rotation  of  a 
horizontal  servo-controlled  turntable.  The  turntable  was  surrounded  by  a  cylin¬ 
drical  drum,  1  m  in  diameter,  the  inner  wall  of  which  was  covered  with 
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alternating  black  and  white  vertical  stripes  (10°  of  visual  angle  each).  The  drum 
could  be  maintained  in  light  or  in  darkness,  and  could  be  rotated  independently 
from  the  turntable  or  mechanically  coupled  to  it. 

Eye  position  was  monitored  on  a  polygraph  and  stored  on  magnetic  tape. 


Preexposure  Testing 

Both  vestibular  nystagmus  (VN)  and  optokinetic  nystagmus  (OKN)  were 
tested. 

VN  was  tested  by  using  different  profiles  of  turntable  velocity.  Namely,  a 
“ramp-step”  profile  first  was  applied  in  each  direction,  clockwise  (CW)  and 
counterclockwise  (CCW).  Such  a  velocity  profile  consisted  of  a  constant  sub¬ 
threshold  ramp  acceleration  (0.18-0.22°/second2)  up  to  a  velocity  of  80°/second, 
followed  by  a  step  change  reducing  velocity  from  80°/second  down  to  OVsecond 
in  about  200  mseconds.  A  subthreshold  value  of  acceleration  was  determined 
previously  for  each  cat,  by  the  lack  of  vestibular  nystagmus  during  the  ramp. 

Sinusoidal  oscillations  with  a  peak  velocity  of  80°/second  then  were  applied 
at  frequencies  of  0.03,  0.05,  0.07,  and  0.1  Hz.  Corresponding  peak-to-peak 
amplitudes  were  849,  509,  364,  and  255°  respectively. 

OKN  was  tested  by  rotating  the  drum  around  the  stationary  animal  at  constant 
velocities  of  15, 30,  and  45°/second  in  each  direction. 

Cats  with  a  clear  asymmetry  in  either  VN  or  OKN  during  preexposure  testing 
were  discarded.  Seven  cats  were  retained  for  the  following  experiments. 


Unidirectional  Vestibular  Training 

During  each  session,  cats  were  submitted  to  a  series  of  eight  ramp  steps  in  the 
same  direction.  Each  ramp  started  one  minute  after  the  occurrence  of  the 
previous  step.  Sessions  were  repeated  twice  a  day  (morning  and  afternoon)  for 
five  consecutive  days  unless  VN  had  almost  disappeared  earlier.  Between 
sessions,  cats  were  kept  in  a  normal  environment. 

The  direction  of  vestibular  training  (CW  or  CCW)  will  be  defined  as  the 
direction  opposite  to  that  of  table  rotation  before  the  stop.  By  this  definition,  each 
stop  of  a  CW  training  produces  an  excitation  of  the  right  labyrinth,  and  gives  rise 
to  a  vestibular  nystagmus  with  the  slow  phrse  to  the  left.  In  these  experiments, 
two  cats  were  submitted  to  a  CW  training  aud  two  others  to  a  CCW  training. 


Unidirectional  Optokinetic  Training 

During  each  session,  cats  were  submitted  to  a  constant-velocity  (30°/second) 
optokinetic  stimulation  in  one  direction.  Each  session  lasted  30  minutes.  Sessions 
were  repeated  twice  a  day  for  four  days.  Between  sessions,  animals  were  kept  in 
the  dark. 

The  direction  of  optokinetic  training  will  be  defined  as  the  direction  of  drum 
rotation  during  the  training  sessions.  By  this  definition,  during  a  CW  training  the 
slow  phase  of  OKN  is  directed  to  the  right.  In  these  experiments,  one  cat  was 
submitted  to  a  CW  training  and  two  cats  to  a  CCW  training. 
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Postexposure  Testing 


For  six  cats,  postexposure  testing  started  immediately  after  the  end  of  the  last 
training  session  and  consisted  of  the  same  sequence  of  stimulation  as  that  used 
during  preexposure  testing.  In  one  of  these  animals,  previously  submitted  to 
vestibular  training,  testing  was  repeated  over  time  up  to  10  days  after  the  end  of 
training  in  order  to  follow  recovery  from  habituation. 

The  seventh  cat  was  submitted  to  optokinetic  training  and  tested  at  the  end  of 
each  session  by  the  use  of  only  sinusoidal  vestibular  stimulations. 


Data  Processing 

VN  was  analy2ed  by  constructing  manually  the  slow  cumulative  eye  position 
(SCEP).10  In  the  case  of  step  responses,  the  parameters  Cm  (peak  value  of  SCEP) 
and  t„  (time  to  SCEP  peak)  were  computed  (see  Reference  11  for  a  more  detailed 
definition  of  these  parameters).  In  the  case  of  responses  to  sinusoidal  oscillations, 
the  average  peak-to-peak  values  of  SCEP  during  CW  and  CCW  rotations,  Cm(R) 
and  Cm(L),  were  computed.  The  ratio  Cm(R)/Cm(L)  gives  a  measure  of  VOR 
symmetry.  Since  no  calibration  of  eye  movements  was  available,  Cm,  Cm(R),  and 
Cm(L)  were  expressed  in  arbitrary  units. 

The  phase  shift  between  the  peaks  of  SCEP  and  the  corresponding  peaks  of 
table  position  in  response  to  sinusoidal  oscillations  were  measured  and  aver¬ 
aged. 

Finally,  SCEP  also  was  constructed  for  optokinetic  responses,  and  its  slope 
representing  the  average  value  of  nystagmus  [slow-phase  velocity  (SPY))  was 
measured.  The  ratio  between  average  SPV  (in  arbitrary  units)  and  the  optokinetic 
stimulus  velocity  was  assumed  to  represent  the  gain  of  the  optokinetic  reflex. 


Results  and  Comments 
Vestibular  Training 

When  unidirectional  steps  were  repeated,  a  marked  variation  of  VOR  was 
observed.  A  typical  example  of  a  habituated  response  recorded  at  the  end  of  a 
CW  vestibular  training  is  shown  in  Figure  1.  The  CW  response  is  reduced  to  only 
a  few  beats  occurring  during  the  primary  phase  of  nystagmus,  which  lasts  less 
than  10  seconds.  Secondary  nystagmus  is  almost  absent.  No  spontaneous  nystag¬ 
mus  could  be  observed  at  any  stage  of  habituation. 

This  process  can  be  followed  in  a  quantitative  way  by  plotting  the  value  of  Cm 
(in  percent  with  respect  to  the  value  obtained  in  the  first  response)  and  of  tD,  for 
the  first  and  the  last  response  of  each  training  session,  for  successive  sessions. 
Both  Cm  and  t0  decreased  within  each  session  (acquisition)  and  across  sessions 
(retention)  (Figure  2).  For  the  four  cats  examined.  Cm  decreased  down  to  a  value 
ranging  between  50%  and  10%  of  the  initial  value;  t0  decreased  down  to 
46% -27%  of  its  initial  value,  which  ranged  between  20  and  30  seconds.  The 
asymmetry  of  the  oculomotor  responses  at  the  end  of  unidirectional  vestibular 
training  could  be  appreciated  clearly  during  postexposure  testing.  A  head- 
velocity  step  in  the  direction  opposite  to  that  of  training  would  produce  a 
response  (record  D  in  Figure  1)  quite  comparable  to  that  recorded  in  the 
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preexposure  testing  (record  B  in  Figure  1)  for  the  same  direction.  Quantitatively, 
Cm  and  t0  had  not  varied  by  more  than  about  ±10%  (Figure  2). 

Unilaterality  of  habituation  also  was  apparent  in  responses  to  sinusoidal 
stimulation  (i.e.,  not  used  during  training).  Figure  3  gives  the  results  of  sinusoidal 
tests  performed  on  a  cat  before  and  after  a  CCW  vestibular  training.  The  values 
of  Cm(R)  and  Cm(L)  in  preexposure  responses  are  given  in  arbitrary  units  by 
assuming  the  value  of  Cm(L)  at  0.03  Hz  to  be  equal  to  1.  Note  that  there  is  a 
decrease  of  Cm(R)  and  Cm(L)  with  the  frequency,  due  to  the  fact  that  the  same 
peak  stimulus  velocity  (and  not  the  same  peak  amplitude)  was  maintained 
throughout  all  frequencies.  In  order  to  appreciate  the  amount  of  Cm(R)  and 
Cm(L)  changes  due  to  habituation  and  their  possible  frequency  dependence,  the 
values  of  Cm(R)  and  Cm(L)  in  postexposure  tests  are  given  in  percent  of  the 
corresponding  preexposure  values  at  the  same  frequency.  It  can  be  noted  easily 
that  Cm(R)  (CW  rotation)  did  not  change  from  preexposure  to  postexposure  tests. 
On  the  contrary,  Cm(L)  was  reduced  to  about  60%  at  all  frequencies. 


PRE 


y  ,  V  - 

* 


CW 


CCW 


POST 


CW 
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Figure  1.  Clockwise  (CW)  and  counterclockwise  (CCW)  responses  to  velocity  steps 
before  and  after  a  CW  vestibular  training.  After  training,  the  CW  response  is  virtually 
abolished,  whereas  the  CCW  response  is  unchanged. 


A  strong  asymmetry  also  occurred  in  the  phase  shifts  of  postexposure 
responses.  An  increase  of  the  phase  lead  during  rotations  toward  the  “trained" 
labyrinth  and  a  decrease  during  rotations  in  the  opposite  direction  were  observed 
in  one  cat  (Figure  3).  The  remaining  three  cats  presented  a  large  phase-lead 
increase  during  rotations  toward  the  “trained”  labyrinth,  but  no  significant 
variations  of  phase  lead  during  rotations  in  the  opposite  direction. 

Recovery  from  habituation  was  tested  in  one  animal  with  one  velocity  step 
applied  in  both  directions  every  2  days  up  to  the  10th  day  following  the  end  of 
vestibular  training.  Cm  was  found  to  increase  slowly  from  40%  up  to  65%  of  its 
initial  value.  Hence  a  significant  retention  still  was  present  after  10  days. 

The  possibility  of  obtaining  unilateral  habituation  by  a  unidirectional  vestibu¬ 
lar  training,’3  as  confirmed  by  the  present  results,  excludes  a  role  of  unspecific 
factors,  such  as  changes  in  the  state  of  vigilance,  in  producing  the  observed 
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modifications  of  VOR.  Rather,  we  had  suggested  in  a  previous  paper  dealing  with 
bilateral  habituation  that  habituation  is  due  to  a  selective  mechanism  that 
modifies  not  only  the  gain  but  also  the  dynamic  characteristics  of  the  vestibulo- 
ocular  reflex.11 

The  results  of  the  present  experiments  tend  to  confirm  our  previous  sugges¬ 
tion.  The  unilateral  increase  in  phase  lead  observed  in  the  responses  to  postexpo¬ 
sure  sinusoidal  oscillations  and  the  unilateral  decrease  of  tD  in  responses  to 


PRE 


POST 


Frequency  (Hz) 

Figure  3.  CCW  vestibular  training.  A:  amplitude  relationships  in  the  responses  to 
sinusoidal  oscillations  before  a  CCW  vestibular  training.  Cm(R)  and  Cm(L)  are  given  in 
arbitre'-’  units  by  assuming  the  peak-to-peak  value  equal  to  1  during  CCW  rotation  at  0.03 
Hz.  TL ;  omall  differences  between  Cm(R|  and  Cm(L)  indicate  the  high  degree  of  symmetry 
of  the  responses.  B:  amplitude  relationships  in  the  responses  to  sinusoidal  oscillations  after 
a  CCW  vestibular  training.  The  values  of  Cm(R)  and  Cm(L)  are  given  in  percent  of  the 
corresponding  pretraining  values  at  the  same  frequency.  The  amplitude  of  CCW  responses 
is  reduced  to  60%  independently  of  the  frequency.  C  and  D:  phase  relationships  in  pre-  and 
postexposure  tests,  showing  an  increase  of  phase  lead  during  rotations  toward  the  "trained” 
labyrinth. 


velocity  steps  both  indicate  a  progressive  quickening  of  the  VOR  dynamics, 
restricted  to  rotations  toward  the  "trained”  labyrinth. 

The  absence  of  spontaneous  nystagmus  at  any  stage  of  unilateral  habituation 
by  vestibular  training,  in  spite  of  the  large  asymmetry  in  the  amplitude  of  the 
vestibulo-ocular  responses,  shows  that  habituation  can  produce  unilateral  gain 
changes  without  introducing  an  additional  imbalance  between  the  two  vestibular 
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pathways  in  the  resting  condition.  This  effect  could  be  obtained  by  changing  the 
gain  of  secondary  vestibular  neurons  with  no  spontaneous  resting  discharge,  such 
as  kinetic  neurons  or  tonic  neurons  with  zero  resting  discharge.12  A  change  of 
their  gain  therefore  should  not  modify  the  balance  of  the  system  in  the  resting 
condition.  On  the  other  hand,  when  kinetic  and  tonic  units  work  in  parallel  to 
produce  a  given  response  in  dynamic  conditions,  that  response  will  be  more  or 
less  rapid  depending  on  the  relative  contribution  of  these  two  types.  Kinetic 
units,  which  discharge  proportionately  to  the  derivative  of  the  input  signal,  tend 
to  make  the  response  faster  and  to  increase  its  phase  lag.  Since  VOR  dynamics 
became  progressively  faster,  it  should  be  inferred  that  it  is  the  relative  contribu¬ 
tion  of  tonic  neurons  with  zero  resting  discharge  that  is  progressively  decreased. 

The  absence  of  any  appreciable  effect  of  a  previous  vestibular  training  on 
OKN  could  suggest  that  the  parametric  variations  occurring  during  habituation 
take  place  at  the  peripheral  level  of  the  vestibular  system.  This  would  be  in 
contradiction  to  the  general  belief  that  habituation  is  a  central  process.  More 
likely,  the  open-loop  gain  of  the  optokinetic  reflex  is  modified  by  the  parametric 
variations  of  habituation.  This  modification  is  masked,  however,  by  the  fact  that 
the  closed-loop  gain  and  therefore  the  slow-phas>  velocity  of  OKN  do  not  vary 
appreciably.  The  closed-loop  nature  of  the  opto.'.inetic  reflex  thus  allows  the 
mechanism  controlling  vestibular  habituation  to  focus  its  action  on  the  vestibulo- 
ocular  reflex  in  keeping  intact  the  function  of  the  optokinetic  reflex  in  spite  of  the 
interaction  of  the  two  systems  at  the  level  of  the  vestibular  nuclei.13 


Optokinetic  Training 

In  a  preliminary  experiment,  OKN  slow-phase  velocity  (SPV)  was  measured 
at  different  times  during  the  same  session  of  a  unidirectional  optokinetic  training. 
It  was  found  to  increase  almost  linearly.  After  30  minutes  of  exposure,  SPV  was 
increased  by  about  30%  with  respect  to  the  preexposure  values  for  both 
directions  of  drum  rotation.  This  effect  was  of  short  duration,  since  when  OKN 
was  retested  after  a  few  minutes  of  rest  in  darkness,  SPV  almost  had  returned  to 
its  preexposure  value  for  both  CW  and  GCW  responses  (Figure  4).  This  finding 
explains  the  results  obtained  when  optokinetic  training  sessions  were  repeated 
(avoiding  exposure  to  reversed  optokinetic  stimulation).  During  each  session,  an 
increase  of  SPV  by  25%  on  the  average  was  observed,  although  there  was  no 
significant  retention  of  this  SPV  increase  from  one  session  to  the  next  (Figure  5). 

At  the  end  of  each  session,  when  the  light  in  the  optokinetic  drum  was 
switched  off,  a  marked  spontaneous  nystagmus  in  the  direction  opposite  to  the 
previous  OKN  and  to  the  optokinetic  after-nystagmus  (OKAN)  was  recorded, 
which  could  last  from  several  minutes  to  more  than  one  hour.  In  fact,  a  similar 
(albeit  weaker)  spontaneous  nystagmus  also  could  be  observed  even  after  the 
short  optokinetic  tests  (30  to  60  seconds)  performed  in  the  preexposure  session.  In 
contrast,  a  short  reversal  of  the  optokinetic  stimulus  after  30  minutes  of  unidirec¬ 
tional  optokinetic  training,  as  tested  in  one  animal,  prevented  spontaneous 
nystagmus  from  appearing  when  the  light  was  switched  off. 

During  postexposure  testing,  OKN  appeared  to  be  symmetrical  for  both 
directions  of  stimulation,  and  the  values  of  SPV  did  not  differ  from  preexposure 
values.  This  confirms  the  very  short-lasting  nature  of  'he  SPV  increase  during 
each  training  session. 

Postexposure  testing  of  the  vestibulo-ocular  reflex  was  made  by  usiny  both 
velocity  steps  and  sinusoidal  oscillations.  The  value  of  Cm  in  the  step  response 
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Figure  4.  CW  optokinetic  stimulation.  Time  course  of  OKN  slow-phase  velocity  (SPV) 
during  a  prolonged  CW  optokinetic  stimulation.  SPV  is  given  in  percent  of  the  preexposure 
value.  The  increase  of  SPV  is  bilateral  and  of  short  duration,  as  shown  by  the  postexposure 
SPV  values. 


induced  by  excitation  of  the  labyrinth  contralateral  to  the  direction  of  the 
optokinetic  training  was  decreased  by  55%  with  respect  to  the  preexposure 
value.  In  the  response  to  the  step  in  the  opposite  direction.  Cm  decreased  by  30% 
only  (Figure  6).  Remarkable  changes  also  were  observed  in  gain  and  phase  shift 
of  responses  to  sinusoidal  oscillations  during  rotation  in  the  direction  opposite  to 
that  of  optokinetic  training  (Figure  7).  The  amount  of  these  changes  was 
frequency  dependent.  The  gain  decreased  by  about  50%  at  0.03  Hz  down  to  25% 
at  0.1  Hz,  whereas  the  phase  lead  increased  by  about  25°  at  0.03  Hz  down  to  10° 
at  0.1  Hz.  No  significant  gain  variation  and  a  small  decrease  in  phase  lead  were 
observed  during  the  periods  of  sinusoidal  oscillation  in  the  opposite  direction. 
These  results  confirm  that  a  unilateral  vestibular  habituation  can  be  produced  by 


Figure  5.  Slow-phase  ve¬ 
locity  (SPV|  values  at  the 
beginning  and  at  the  end  of  a 
CCW  optokinetic  training. 
SPV  is  given  in  percent  of  the 
initial  value.  Note  acquisition 
without  any  significant  reten¬ 
tion. 
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CW  OPTOKINETIC  TRAINING 

CW 


Figure  6.  Values  of  Cm  in 
responses  to  velocity  steps 
before  and  after  a  CW  (upper 
diagram)  and  a  CCW  (lower 
diagram)  optokinetic  training. 
There  is  a  significant  unidi¬ 
rectional  vestibular  effect 
with  a  greater  depression  of 
the  side  contralateral  to  the 
direction  of  optokinetic  train¬ 
ing. 


unidirectional  optokinetic  training,  the  habituated  side  being  that  contralateral  to 
the  direction  of  optokinetic  training. 

In  order  to  investigate  the  time  course  of  acquisition  and  retention  of 
vestibular  habituation  induced  by  optokinetic  training,  one  cat  was  submitted  to 
sinusoidal  oscillations  in  the  dark  before  and  after  each  session  of  a  five-day 
CCW  optokinetic  training.  The  results  are  shown  in  Figure  8,  where  the  ratio 
Cm(R)/Cm(L)  is  reported  for  the  different  frequencies  examined.  Already  at  the 
end  of  the  first  session,  the  CW  gain  was  significantly  decreased  with  respect  to 
the  CCW  gain,  and  a  strong  directional  preponderance  to  the  left  was  present. 
This  effect  was  observed  at  all  frequencies,  with  the  same  frequency  dependence 
as  previously  mentioned.  This  pattern  repeated  itself  in  each  session,  without 
indication  of  a  significant  retention  from  one  session  to  the  next. 

Prolonged  moving  visual  stimulation  produces  two  distinct  effects.  First,  it 
improves  the  optokinetic  responses,  an  improvement  that  amounted  to  about 
25%  in  our  cats.  This  effect  also  has  been  observed  in  man.14  In  terms  of 
open-loop  gain,  this  variation  of  SPV  represents  a  tremendous  change.  Actually, 
by  assuming  an  initial  value  of  0.75  of  the  closed-loop  gain  (in  order  to  explain  a 
25%  SPV  increase),  the  open-loop  gain  should  be  changed  from  3  to  about  16. 

If  such  a  gain  variation  were  taking  place  in  the  pathways  used  also  by  the 
vestibulo-ocular  reflex,  which  is  an  open-loop  system,  an  enormous  increase  of 
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the  contralateral  VOR  should  be  expected.  This  does  not  actually  occur,  since  the 
contralateral  VOR  is  in  fact  significantly  depressed  after  optokinetic  training. 
Thus  this  result  tends  to  exclude  a  gain  increase  within  the  optokinetic  pathways 
going  through  the  vestibular  nuclei,  at  least  through  the  part  of  these  pathways 
shared  with  the  vestibulo-ocular  reflex.  The  observed  improvement  of  OKN 
therefore  should  be  due  to  a  gain  enhancement  within  visuomotor  pathways 
reaching  oculomotor  nuclei  without  interacting  with  the  vestibulo-ocular  reflex. 

Prolonged  moving  visual  stimulation  also  produces  static  and  dynamic  VOR 
changes.  The  spontaneous  nystagmus  in  the  direction  opposite  to  that  of  the 
previous  OKN  and  OKAN  already  has  been  mentioned  in  man  and  monkey 
(Young  and  Henn,  Brandt  et  al.,  Biittner  et  al.,  and  Waespe  et  al.).*7’517  These 
authors  show  that  although  the  spontaneous  nystagmus  increases  with  the 
duration  of  the  optokinetic  stimulation,  it  also  can  be  observed  after  very  short 
exposures,  as  we  also  noticed.  This  spontaneous  nystagmus  has  been  considered 
by  Waespe  et  al.  as  a  central  activity  of  counterregulation  rather  than  as  a  simple 
reversal  of  OKAN  related  to  the  dynamics  of  the  return  of  the  optokinetic  system 
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Figure  7.  CCW  optokinetic  training.  A:  amplitude  relationships  in  the  responses  to 
sinusoidal  oscillations  before  a  CCW  optokinetic  training.  The  values  of  CmfR)  and  Cm(L) 
are  given  in  arbitrary  units  by  assuming  the  peak-to-peak  value  during  CCW  rotation  at  0.03 
Hz  as  equal  to  1.  B:  amplitude  relationships  in  the  responses  to  sinusoidal  oscillations  after 
a  CCW  optokinetic  training.  The  values  of  Cm(R)  and  Cm|L)  are  given  in  percent  of  the 
corresponding  pretraining  values  at  the  same  frequency.  The  amplitude  of  the  response  to 
CW  rotation  of  the  animal  is  significantly  decreased.  The  ratio  Cm|R)/Cm|L)  gives  a 
measure  of  the  asymmetry  of  the  vestibular  response  due  to  optokinetic  training.  C  and  D: 
phase  relationships  in  pre-  and  postexposure  tests.  At  all  frequencies  there  is  a  remarkable 
increase  of  the  phase  lead  during  rotation  in  the  direction  opposite  to  that  of  the  optokinetic 
training. 
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to  the  resting  condition.17  In  other  words,  the  appearance  of  a  spontaneous 
nystagmus  would  not  be  a  direct  effect  of  the  parameter  modifications  introduced 
to  improve  OKN,  but  rather  a  different  phenomenon. 

Our  suggestion  would  be  that  information  about  subject  rotation  in  space  (as 
provided  by  both  the  visual  and  the  vestibular  systems)  always  is  interpreted  in  a 
natural  way  as  a  rotation  of  the  subject  in  a  stationary  visual  surround.  During  a 
prolonged  unidirectional  optokinetic  stimulation,  due  to  the  absence  of  any 
dynamic  response  from  the  vestibular  system,  the  same  pattern  of  signals  as  in 
the  case  of  an  imbalance  between  the  resting  activity  of  the  two  vestibular 
pathways  is  received  centrally.  As  a  central  regulation  is  generated  to  counteract 
this  apparent  imbalance,  a  real  imbalance  actually  is  produced.  Hence  a  sponta- 


^m(H) 


Figure  8.  Time  course  of  acquisition  and  retention  of  vestibular  habituation  induced  by 
optokinetic  training  in  one  cat  submitted  to  sinusoidal  oscillations  in  the  dark  before  and 
after  each  session  of  a  five-day  CCW  optokinetic  training. 


neous  nystagmus  takes  place,  in  the  direction  opposite  to  that  of  the  previous 
optokinetic  stimulation.  The  production  by  optokinetic  training  of  a  VOR  direc¬ 
tional  imbalance  similar  to  that  observed  after  vestibular  training  thus  could  be 
interpreted  as  the  dynamic  aspect  of  the  same  counterregulation  that,  in  the 
resting  condition,  gives  rise  to  the  spontaneous  nystagmus. 

The  presence  of  a  static  VOR  imbalance  following  optokinetic  training,  and 
not  vestibular  training,  could  account  for  the  main  difference  between  the  effects 
produced  by  the  two  conditions,  i.e.,  the  different  degree  of  retention  of  habitua¬ 
tion.  Following  optokinetic  training,  it  is  likely  that  an  active  compensation 
process  begins  after  cessation  of  the  stimulation,  in  order  to  re-equilibrate  the 
system  and  to  suppress  the  spontaneous  nystagmus.  In  achieving  a  symmetrical 
VOR,  this  process  simultaneously  would  oppose  retention. 
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VISUALLY  INDUCED  SELF-MOTION  SENSATION 
ADAPTS  RAPIDLY  TO  LEFT-RIGHT 
REVERSAL  OF  VISION* 
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Introduction 

Both  visual  and  vestibular  motion  cues  are  known  to  contribute  to  self-motion 
perception  in  a  complementary  fashion.1  In  everyday  life,  head  rotation  results  in 
an  equal  and  oppositely  directed  angular  motion  of  the  visual  scene  relative  to 
the  head.  This  association  between  normal  active  head  rotation  and  relative 
scene  motion  is  believed  to  account  for  the  phenomenon  of  "circularvection” 
(CV):  a  pattern  of  stripes  rotating  around  a  stationary  observer  soon  elicits  a 
compelling  sensation  of  self-rotation  in  the  opposite  direction.2,3 

When  human  subjects  wear  optics  that  either  left-right  (“mirror”)  reverse  or 
invert  (rotate  by  180°)  vision,  the  normal  relationship  between  left-right  head 
rotation  and  relative  visual  scene  motion  is  reversed.  For  example,  head  rotation 
to  the  right  then  is  accompanied  by  relative  scene  motion  to  the  right  with  respect 
to  the  head,  with  the  result  that  the  seen  world  is  no  longer  perceived  as 
stationary.3  5  Spatial  orientation  is  severely  impaired.  However,  after  an  extended 
period  of  vision  reversal  (days  to  weeks),  the  seen  world  appears  more  stable  and 
subjective  visual  “normalcy”  and  coordinated  movement  are  gradually 
restored.4'10  Active  movement  by  the  subject  is  thought  to  play  a  vital  role  in  the 
adaptation  process.11  The  slow-phase  component  of  the  horizontal  vestibulo- 
ocular  reflex  (VOR),  which  contributes  to  perceptual  stabilization  under  normal 
vision,  has  been  shown  to  reverse  after  a  week  of  vision  reversal.12  The  neural 
pathways  believed  to  mediate  adaptive  changes  in  the  VOR  recently  have  been 
explored  in  animals.13,14  One  might  also  expect  that  the  neural  interpretation  of 
visual  self-rotation  cues  would  reverse,  and  be  manifest  perceptually  in  a 
reversal  of  the  CV  phenomenon.  We  have  demonstrated  such  a  reversal, 
accompanied  by  only  a  modest  reduction  in  vestibulo-ocular  reflex  gain,  in  10  of 
15  subjects  within  a  brief  (one-  to  three-hour)  period  of  exposure.  Reversed  CV 
was  demonstrated  only  when  the  moving  stripe  display  size  was  limited  to  the 
field  of  view  conditioned  by  exposure.  A  preliminary  report  has  appeared.15 


Methods 

Three  experiments,  which  differed  somewhat  in  protocol  details,  were 
conducted  using  15  adult  volunteers  with  no  overt  oculomotor  or  vestibular 
disorders.  As  symptoms  of  motion  sickness  often  occur  under  vision  reversal, 

*This  work  was  supported  by  National  Aeronautics  and  Space  Administration  Grant 
NSG-2032  and  NASA  Contract  NAS9-15343. 
fDr.  Bock  was  supported  by  a  NATO  Science  Fellowship. 
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drugs  (scopolamine,  0.5  mg;  or  scopolamine,  0.4  mg/dexedrine,  5.0  mg)  were 
administered  orally  prior  to  Experiments  1  and  2.  In  all  experiments,  left-right 
vision  reversal  was  achieved  using  the  prism  goggles  shown  in  Figure  1,  which 
permitted  a  binocular  field  of  vision  subtending  approximately  45°  horizontally 
and  28°  vertically.^:  Two  Dove  prisms,  mounted  base  to  base,  were  held  in  front 
of  each  eye  (with  bases  in  a  sagittal  plane)  by  a  Plexiglas  frame  fixed  to  the  head 
by  an  adjustable  band.  A  black  shield  closely  fitted  to  the  face  and  the  prisms 
excluded  all  nonreversed  visual  information. 


Figure  1.  Subject  wearing  prism  goggles  and  EOG  electrodes. 


In  all  experiments,  CV  was  tested  before  and  immediately  after  a  period  of 
exposure  to  reversed  vision  (“preliminary”  and  "final”  tests).  For  all  subjects  in 
Experiment  2,  and  for  one  subject  in  Experiment  3,  CV  also  was  tested  at 
intervals  during  the  exposure  period.  Subjects  were  seated  in  the  closed, 
motionless  cabin  of  a  flight  simulator  (Link  GAT-1).  Equal  width  (6.4°)  Vertical 


JPrisrn  axes  were  adjusted  to  eliminate  diplopia  at  a  distance  of  three  meters.  The 
monocular  field  of  view  through  each  eye  was  28°  by  28°. 
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light  and  dark  stripes,  moving  left  or  right  at  8°/second,  were  back  projected  onto 
the  translucent  front  window,  about  70  cm  from  the  subject.  During  testing 
without  the  goggles  before  and  after  exposure,  the  shape  of  the  moving  display 
could  be  varied  using  appropriate  masks  applied  to  the  window,  whereas  in  tests 
made  during  exposure,  the  shape  corresponded  to  the  field  of  view  of  the  goggles. 
Subjects  were  asked  to  report  verbally  the  onset  and  disappearance  of  any  CV. 
Because  of  the  transposition  of  the  visual  location  of  the  hands  with  goggles  on, 
subjects  were  asked  to  report  their  perceived  direction  of  self-motion  with 
respect  to  the  direction  of  seen  stripe  motion,  or  with  respect  to  their  left  and  right 
eyes,  or  both.  Motion  reports  made  using  these  two  different  methods  were 
always  consistent. 

The  gain  and  phase  of  the  horizontal  VOR  were  tested  in  the  dark  before  and 
after  exposure  using  sinusoidal  simulator  angular  velocity  (0.2  Hz,  30°/second 
peak  velocity,  6-8  cycles).  Eye  movement  was  measured  in  the  dark  using 
conventional  d.c.  electro-oculography  (EOG).  Subjects  performed  mental  arith¬ 
metic  to  maintain  alertness.  (In  the  case  of  certain  subjects,  we  also  performed 
one  or  more  additional  brief  tests  during  the  preliminary  and  final  test  sessions. 
These  included  acceleration  threshold  measurements,  an  evaluation  of  gaze 
stabilization  during  active  head  movement,  an  oculogyral  illusion  test,  and  a 
pseudorandom  cabin  motion  nulling  test.  Results  of  these  additional  tests  will  be 
reported  elsewhere.)  The  present  paper  will  focus  on  circularvection  and  VOR 
test  results. 

When  not  participating  in  the  brief  perexposure  tests,  our  subjects  explored 
their  reversed  visual  environment  by  walking  through  the  laboratory  buildings  in 
the  company  of  an  observer.  Head  and  body  movements  in  the  horizontal  plane 
were  encouraged.  When  they  occurred,  motion  sickness  symptoms  were  main¬ 
tained  at  an  acceptable  level  by  intervals  of  eye  closure  and/or  head  immobiliza¬ 
tion. 


Results 
Experiment  1 

In  this  experiment  (five  subjects),  we  first  confirmed  that  preexposure  CV 
direction  was  opposite  to  seen  stripe  motion  (“normal  CV”)  using  the  63° 
(horizontal)  by  28°  rectangular  stripe  display  shown  in  Figure  2A.  Latency  of  CV 
onset  ranged  from  8  to  47  seconds.  Then,  after  the  prism  goggles  were  fitted,  the 
subjects  exposed  themselves  to  vision  reversal  for  180  to  230  minutes. 

After  the  exposure  period,  the  prism  goggles  were  removed  and  CV  was 
tested  using  a  30°  (horizontal)  by  19°  display,  shown  in  Figure  2B,  that  stimulated 
only  the  field  of  view  previously  exposed  to  the  goggles  After  a  latency  of 
between  10  and  42  seconds,  all  five  subjects  reported  an  unequivocal  sensation  of 
motion  in  the  same  direction  as  the  seen  stripe  motion.  Subjects  usually  likened 
the  sensation  to  being  “pulled  along  with  the  stripes."  We  refer  to  this  perception 
as  “reversed  circularvection”  (RCV).  Four  of  the  five  subjects  in  Experiment  1 
experienced  compelling  sustained  RCV  until  we  suddenly,  some  30  to  60  seconds 
later,  increased  the  display  size  to  63°  (horizontal)  by  28°.  Subjects  then  reported 
that  RCV  immediately  ceased  and,  after  several  seconds,  that  normal  (unre¬ 
versed)  CV  appeared.  Changing  back  to  the  narrow  field  abolished  normal  CV, 
and  RCV  was  reestablished  after  several  seconds.  This  sequence  could  be 
demonstrated  repeatedly  over  several  minutes.  Active  head  movements  (eyes 
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Figure  2A.  63°  by  28°  moving  stripe  display  used  in  Experiment  1.  Schematic  of  display 
as  seen  from  a  position  inside  the  GAT-1  simulator  cabin,  above  and  behind  the  head  of  the 
seated  subject. 


open  in  light)  appeared  to  abolish  RCV.  Our  fifth  subject  experienced  an  initial 
17-second  period  of  compelling  RCV,  followed  by  periods  of  normal  CV  and 
RCV,  even  though  the  display  area  remained  narrow 


Experiment  2 

To  define  more  systematically  the  time  course  of  CV  adaptation,  seven 
additional  subjects  participated  in  a  second  experiment  in  which  CV  was  tested 
every  30  to  40  minutes  during  a  190-minute  exposure  period.  To  demonstrate 
more  clearly  the  dependency  of  CV  direction  on  the  region  of  the  visual  field 
stimulated,  CV  was  measured  both  before  and  after  exposure  using  a  rectangular 
"central-visual-field”  display  (CVF,  29°  horizontal  by  17°)  shown  in  Figure  3A, 
and  also  by  using  a  “peripheral-visual-field’’  display  (PVF,  180°  horizontal  by 
23°,  with  a  dark  mask  of  the  CVF  display  area.  Figure  3B).  Before  exposure,  the 
CVF  test  was  preceded  by  a  PVF  test.  After  exposure,  two  CVF  tests  (both 
directions  of  stripe  movement)  were  followed  by  a  PVF  test,  and  the  head  was 
immobilized  in  an  effort  to  avoid  readaptation.  Subjects  were  asked  to  report 
verbally  the  first  appearance  of  CV,  its  direction,  and  their  sensation  of  self¬ 
rotation  in  45°  increments.  For  purposes  of  comparison  between  subjects,  we 


i- 


Figure  2B.  30°  by  19°  moving  stripe  display  used  in  Experiment  1. 
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Figure  3A.  Central-visual-field  (CVF)  moving  stripe  display  used  in  Experiment  2  (29°  by 
17°). 


converted  these  reports  to  a  four-bin  velocity  scale,  described  in  Table  1.  When 
vection  could  not  be  demonstrated  using  the  display  alone,  we  attempted  to 
trigger  it  with  a  brief  rotation  of  the  simulator  cab,  thus  providing  a  transient 
semicircular  canal  motion  cue  (present  during  normal  head  rotation,  but  absent 
using  conventional  CV  test  procedures).  As  shown  in  Table  1,  four  subjects 
demonstrated  RCV.  The  first  RCV  episode  occurred  after  95  to  190  minutes  of 
exposure. 


Experiment  3 

Three  additional  subjects  underwent  an  exposure  period  (which  ranged  from 
150  to  220  minutes),  but  used  no  anti-motion-sickness  drugs.  Symptoms  were 
controlled  only  by  eye  closure  and  head-movement  limitation.  Two  of  the 
subjects  were  tested  as  in  Experiment  1,  but  using  only  the  63°  by  28°  front 
window  display.  RCV  was  not  found  after  the  exposure,  perhaps  because  we 
failed  to  test  with  the  narrow  30°  by  19°  display.  The  third  subject  underwent  a 
protocol  similar  to  Experiment  2,  and  demonstrated  RCV  after  80  minutes  of 
exposure  with  goggles  on,  and  with  the  CVF  display  in  final  testing  with  goggles 
removed. 


Figure  3B.  Peripheral-visual-field  (PVF)  moving  stripe  display  used  in  Experiment  2 
(180°  by  23°). 
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VOR  slow-phase  velocity  gain  and  phase  re  trainer  velocity  were  measured 
in  all  experiments  before  the  first  preexposure  CV  test,  and  after  the  exposure 
just  before  the  goggles  were  removed.  Data  from  2  subjects  in  Experiment  1  could 
not  be  analyzed  due  to  technical  problems.  In  the  remaining  10  subjects  in 
Experiments  1  and  2,  VOR  gain  decreased  from  0.72  (standard  error  =  0.35)  to 
0.55  (SE  =  0.29)  after  exposure.  This  change  was  significant  (paired-sample  t-test, 
p  <  0.001).  Among  those  7  subjects  in  Experiments  1  and  2  who  experienced 
RCV,  gain  decreased  from  0.80  (SE  =  0.39)  to  0.64  (SE  =  0.31),  also  a  significant 
change  (p  <  0.00 5).  Slow-phase  eye  velocity  of  the  10  subjects  lagged  trainer 
velocity  by  180°  (SE  -  7°)  prior  to  exposure  and  lagged  by  176°  (SE  -  11°)  after 
exposure.  The  slow-phase  VOR  gain  of  the  3  Experiment  3  subjects  who  did  not 
use  drugs  decreased  from  0.74  (SE  =  0.30)  to  0.47  (SE  =  0.17).  We  were  unable  to 
demonstrate  significant  differences  between  the  drug  and  nondrug  groups  in 
terms  of  VOR  gain  decrease.  As  confirmed  by  direct  inspection  of  the  eye- 
movement  records,  none  of  our  subjects  showed  any  evidence  of  reversal  of  the 
VOR  slow-phase  component.  (Apparently  systematic  changes  in  the  occurrence 
of  the  fast  component  of  nystagmus  were,  however,  observed.) 


Discussion 

Our  subjects  showed  approximately  a  20%  reduction  in  VOR  slow-phase  gain 
over  their  brief  exposure  period.  This  short-term  gain  reduction  could  be  due  to 
uncontrolled  changes  in  alertness  caused  by  motion  sickness  or  fatigue.  Scopol¬ 
amine  is  known  to  depress  oculomotor  responses,16  but  the  gain  reduction  in  our 
drug  and  nondrug  groups  appeared  similar.  Alternatively,  the  gain  reduction  we 
observed  may  represent  the  early  stages  of  the  adaptive  VOR  change  described 
by  Gonshor  and  Melvill  Jones.12  Their  subjects,  who  did  not  use  drugs,  showed 
similar  gain  changes  during  the  first  day  of  exposure. 

Our  results  imply  that  vision  reversal  soon  produces  a  corresponding  rever¬ 
sal  of  the  interpretation  of  visual  self-rotation  cues  from  that  portion  of  the  field 
of  view  (referred  to  the  head)  that  has  been  conditioned  by  the  exposure.  This 
change  is  adaptive  in  that  it  appears  directed  towards  the  goal  of  veridical 
self-motion  perception.  The  reversal  of  circularvection  presumably  is  mediated 
by  a  central  mechanism  that  establishes  a  new  association  between  the  direction 
of  motion  of  the  visual  input  relative  to  the  head  and  self-rotation  direction 
information  provided  by  nonvisual  (e.g.,  vestibular)  sensory  modalities  during 
body  movement.  Nonvisual  self-rotation  information  is  not  available  at  the 
retinal  level.  It  therefore  can  be  argued  that  the  adaptive  process  is  central  in 
origin,  and  not  a  retinal  phenomenon. 

RCV  could  be  demonstrated  only  when  the  field  of  view  was  limited  to  or  less 
than  the  field  of  view  of  the  goggles.  With  a  wide  field  stimulus  (as  in  Experiment 
1),  RCV  appeared  to  be  overwhelmed  by  normal  vection.  In  Experiment  2, 
normal  CV  response  to  PVF  stripe  motion  was,  if  anything,  enhanced  by 
exposure  of  the  central  field  to  vision  reversal.  Our  findings  suggest  that  visual 
information  from  the  exposed  central  field  of  view  is  transmitted  centrally  along 
pathways  that  are  separate  from  those  carrying  information  from  the  peripheral 
visual  field,  and  that  each  of  these  pathways  may  be  modified  separately  as  a 
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result  of  sensory  experience.  The  occasional  presence  of  alternating  normal  CV 
and  RCV  during  early  perexposure  tests  indicates  that  RCV  may  not  develop 
gradually.  Instead,  it  is  as  if  a  second,  competitive  mechanism  develops. 

It  is  important  to  point  out  that  RCV  cannot  be  explained  simply  as  a 
“negative  aftereffect,”17  since  RCV  was  demonstrated  without  preceding  unre¬ 
versed  CV.  Similarly,  RCV  is  distinctly  different  from  the  brief  episodes  of 
"inverted  self-motion  perception”  reported  to  occur  during  prolonged  (4-  to 
12-minute)  optokinetic  stimulation:18  RCV  could  be  demonstrated  after  distinctly 
shorter  latencies  (order  of  seconds)  with  no  preceding  normal  vection,  was 
sustained  for  periods  greater  than  5  seconds  (usually  20  seconds  to  more  than  a 
minute),  and  could  be  manipulated  quickly  and  consistently  by  altering  the 
display  size. 

It  is  not  surprising  that  the  RCV  velocity  magnitudes  reported  were  modest, 
given  the  narrow  field  of  view  of  the  goggles,  as  normal  CV  can  be  elicited  more 
effectively  if  peripheral  retinal  areas  are  exposed  to  the  moving  display.19  In  this 
regard,  we  note  that  demonstration  of  RCV  or  lack  of  it  within  the  allowed 
exposure  period  appeared  to  be  correlated  with  CV  strength  produced  with  a 
narrow  field  stimulus.  In  Experiment  2,  subjects  B1-B4  showed  strong,  normal 
CV  at  least  once,  either  in  CVF  preexposure  tests  or  during  the  first  four 
perexposure  sessions,  and  they  were  the  only  subjects  in  this  experiment  to  show 
RCV.  Test-scheduling  constraints  limited  exposure  to  190  minutes  in  Experiment 

2.  Had  the  exposure  for  subjects  B5-B7  been  extended,  it  is  conceivable  that  they, 
too,  would  have  shown  RCV.  The  exposure  duration  in  Experiment  1  was  not  so 
constrained.  All  five  subjects  in  Experiment  1  experienced  RCV. 

In  animals,  convergence  of  visual  and  vestibular  head  rotation  information  is 
known  to  occur  in  vestibular  nucleus  neurons,20  21  which  are  thought  to  determine 
the  slow-phase  velocity  of  vestibular  and  optokinetic  nystagmus  under  many 
conditions.  The  extent  to  which  vestibular  nucleus  neurons  contribute  to  rotation 
perception  is  unknown,  although  there  appears  to  be  a  close  relationship 
between  the  time  course  of  normal  CV  in  man  and  the  response  pattern  of  some 
vestibular  nucleus  neurons  in  animals.20  24  It  would  be  interesting  to  know  if  a 
reversal  in  visual  sensitivity  of  vestibular  nucleus  neurons  can  be  demonstrated 
in  animals  after  several  hours  of  active  exposure  to  vision  reversal. 


Conclusions 

1.  Reversed  circularvection  (RCV)  was  demonstrated  in  10  of  15  subjects  after 
one  to  four  hours  of  active  head  movement  while  wearing  left-right  vision- 
reversing  goggles. 

2.  Exposure  to  left-right  visual  reversal  apparently  reversed  the  perceptual 
interpretation  of  visual  information  only  from  the  conditioned  portion  of  the 
subject’s  field  of  view. 

3.  Development  of  RCV  appears  adaptive,  i.e.,  directed  toward  the  goal  of 
veridical  self-motion  perception,  and  is  probably  of  central,  rather  than  retinal, 
origin. 

4.  RCV  is  abolished  quickly  when  active  head  movements  are  made  eyes 
open  in  the  light  with  goggles  off. 

5.  RCV  cannot  be  explained  as  a  negative  aftereffect  artifact  or  as  an  inverted 
self-motion  perception  resulting  from  prolonged  stimulation.  RCV  was  demon¬ 
strated  in  one  subject  without  the  use  of  anti-motion-sickness  drugs. 
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6.  Horizontal  VOR  slow-phase  gain  decreased  similarly  in  both  the  drug  and 
nondrug  groups.  No  evidence  of  VOR  slow-phase  reversal  was  found. 


Summary 

After  one  to  three  hours  of  active  movement  while  wearing  vision-reversing 
goggles,  10  of  15  (stationary)  human  subjects  viewing  a  moving  stripe  display 
experienced  a  self-rotation  illusion  in  the  same  direction  as  seen  stripe  motion, 
rather  than  in  the  opposite  (normal)  direction,  demonstrating  that  the  central 
neural  pathways  that  process  visual  self-rotation  cues  can  undergo  rapid  adap¬ 
tive  modification. 
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PATTERNS  OF  VESTIBULAR  AND  NECK  RESPONSES 
AND  THEIR  INTERACTION:  A  COMPARISON 
BETWEEN  CAT  CORTICAL  NEURONS 
AND  HUMAN  PSYCHOPHYSICS* 
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Section  of  Neurophysiology 
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D-7900  Ulm,  Federal  Republic  of  Germany 
Introduction 

So  far,  human  psychophysical  data  have  been  compared  with  results  obtained 
for  first-order  vestibular  neurons  in  animals,  as  well  as  with  the  theoretical 
deflection  of  the  cupula  and  with  nystagmus  in  man.712  However,  it  would  be 
more  appropriate  to  relate  the  psychophysical  data  to  the  neuronal  responses 
obtained  from  the  cortex  as  the  site  of  conscious  experience.  The  ideal  approach 
would  be  the  comparison  in  the  same  animal  experiment.  At  present,  however, 
we  can  only  report  on  neuronal  responses  recorded  from  the  anterior  suprasyl- 
vian  (ASS)  cortex  in  cats  subjected  to  labyrinthine,  neck,  and  combined  stimula¬ 
tion  in  the  horizontal  plane,  and  on  preliminary  results  from  human  psychophys¬ 
ics.  In  particular,  we  were  interested  to  know  what  naive  humans  report  when 
subjected  to  the  same  stimuli  as  the  animals.  We  shall  consider  mainly  basic 
features  rather  than  quantitative  details  when  comparing  the  results  of  the  two 
experimental  series. 


Methods  and  Results 
Horizontal  Canal  Stimulation 
Neuronal  Responses  in  the  ASS  Cortex  of  the  Cat 

Extracellular  spike  activity  of  neurons  in  the  left  ASS  cortex  was  recorded  in 
chronically  prepared  awake  cats,  which  were  paralyzed  during  the  recording 
sessions.  Sinusoidal  stimuli  at  0.05,  0.2,  and  1  Hz  with  peak  angular  velocities 
ranging  from  5  to  SOVsecond  as  well  as  position  trapezoids  (v  -  35°/second,  1.8 
seconds  duration)  were  applied  in  the  dark.  Impulse  density  histograms  were 
constructed  by  a  laboratory  computer,  which  averaged  over  4-16  double  cycles  of 
the  stimulus.  For  quantitative  analysis,  the  phase  (fundamental  from  Fourier 
analysis)  and  the  amplitude  of  excitatory  responses  to  sinusoidal  stimulation 
were  compared  with  chair  velocity. 

Iq  continuation  of  our  previous  experiments,44-13  we  recorded  104  additional 
neurons  from  the  ASS  cortex.  Thirty-three  of  them  revealed  a  type  I  response, 
and  62  a  type  II  response,  to  sinusoidal  stimulation.  Overall  resting  rate  was  low 
(11  spikes/second).  The  modulation  in  discharge  rate  around  resting  level  tended 
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and  phase  (referred  to  angular  velocitv  v  -  ?.r>° dla8rams  8>ving  sensitivity 
function  of  stimulus  frequency  Thin  lTn^c  <  ,  sec°tld)of  type  I  and  type  II  neurons  as  a 

included  in  the  average  in  C  |  “nked  ,0  the  avera«e  curves-  (2  S  are  not 
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to  be  asymmetric  with  increasing  stimulus  intensity;  there  was  an  abrupt  satura¬ 
tion  of  the  "inhibitory”  responses  above  5°/second,  and  a  more  gradual  satura¬ 
tion  of  the  excitatory  responses  was  evident  above  20°/second.  Mean  sensitivity 
with  our  standard  stimulus  (0.2  Hz,  0  -  20°/second)  was  ca.  0.8  spike/second  per 
degree/second,  for  both  types  of  neurons.  Both  were  also  similar  in  their  mean 
phaises,  which  were  closely  related  to  stimulus  velocity  (+4.0°  and  -2.0°, 
respectively).  Mean  phases  showed  a  slight  phase  advance  at  0.05  Hz  (Figure 
1A).  The  phase  characteristics  of  the  individual  neurons  showed  large  variations. 
When  using  position  trapezoids,  the  following  response  patterns  could  be  distin- 


Figure  2.  Responses  to  trapezoidal  whole-body  rotations.  Lower  traces  give  chair 
position.  A:  Neuronal  responses.  Spike  density  histograms  from  three  different  neurons,  a: 
Phasic  response,  b:  Phasic  response  followed  by  a  slowly  decaying  ("quasi-tonic”) 
overshoot  in  opposite  direction,  c:  Essentially  tonic  response  with  slow  decay.  B:  Human 
subject  concurrent  sensation  indications  by  crank  turning.  Superposition  of  10  consecutive 
trials.  Three  different  instructions  were  given:  a:  Indicate  speeding  up  and  slowing  down  of 
chair  rotation:  b:  Indicate  any  turning  sensation  that  follows  after  the  rapid  chair  rotation;  c: 
Keep  the  crank  pointing  to  the  north  during  chair  rotation. 


guished:  (1)  almost  purely  phasic  responses  essentially  related  to  stimulus  veloc¬ 
ity  (Figure  2A-a);  (2)  phasic  responses  followed,  after  the  end  of  the  stimulus,  by  a 
long-lasting  "quasi-tonic”  overshoot  in  a  direction  opposite  to  the  initial  phasic 
response  (Ficure  2A-b);  (3)  predominantly  tonic  responses  with  slow  decline 
(Figure  2A-c) — they  appeared  to  be  related  to  angular  displacement  when  testing 
with  angles  up  to  ca.  200°;  and  (4)  phasic  responses  with  or  without  overshoot, 
which  had  a  delayed  rising  and/or  falling  slope.  These  different  trapezoid 
responses  often  could  not  be  predicted  from  the  response  characteristics 
obtained  with  sinusoidal  stimuli. 
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Concurrent  Indication  of  Turning  Sensation  by  Human  Subjects 

Ten  naive  subjects  (S;  student  physical  therapists)  were  rotated  in  the 
horizontal  plane,  their  heads  being  fixed  in  a  30°  nose-down  position  to  a  frame 
by  means  of  a  bite-bar,  which  was  molded  from  each  S’s  dental  impression.  The 
S  were  blindfolded;  auditory  cues  were  excluded  by  plugging  the  external  ear 
openings  and  by  applying  noise  via  earphones.  The  only  instruction  given  was  to 
indicate  the  sensation  of  being  turned  to  one  direction  of  the  S’s  own  choice.  The 
same  experimental  setup  and  the  same  stimulus  parameters  (£  -  10°/second, 
otherwise  as  above)  as  with  the  animal  experiments  were  used.  Two  modes  of 
sensation  indication  were  used  consecutively:  (1)  humming,  which  was  recorded 
by  a  throat  microphone  and  displayed  as  a  phonogram  on  a  strip  chart  recorder 
together  with  chair  position,  and  (2)  horizontal  turning  of  a  crank  that  was 
coupled  to  a  potentiometer.  The  phase  relation  between  the  sensation  indication 
and  the  stimulus  was  analyzed  by  relating  the  middle  of  the  indication  period  to 
peak  angular  velocity. 

Indication  by  humming.  With  sinusoidal  stimuli,  7  S  chose  rightward  and  3  S 
leftward  rotation  for  sensation  indication.  The  mean  values  (n  -  10)  for  the 
humming  indication  of  the  individual  S  and  the  overall  means  are  shown  in 
Figure  IB,  in  which  the  absolute  on  direction,  however,  is  disregarded.  At  0.05 
Hz,  humming  tended  to  be  almost  in  phase  with  chair  angular  velocity 
(<£  ±  standard  deviation  -  -9.2  ±  23.4°),  while  it  clearly  lagged  velocity  at  0.2  Hz 
($  -  -22.6  ±  22.8°).  Phase  values  at  1  Hz  showed  large  variations  (  +  19.7  to 
-124.6°).  The  S  reported  that  it  was  impossible  for  them  to  keep  up  with  the 
stimulus  at  this  frequency.  When  tested  with  position  trapezoids,  they  started 
humming  slightly  after  stimulus  onset  and  finished  shortly  after  stimulus  end  (not 
shown). 

Indication  by  crank  turning.  With  sinusoidal  stimuli,  9  S  started  crank  turning 
during  rightward  rotation  (2  had  changed  on  direction  as  compared  to  humming) 
and  1  during  leftward  rotation.  Two  S  made  crank  excursions  that  were  almost  in 
phase  with  chair  velocity  (upper  two  curves  in  Figure  1C),  although  slightly 
lagging  those  obtained  with  humming  at  0.05  Hz  (A0  -  -9.6°  and  —35.0°)  and  at 
0.2  Hz  (A <f>  -  -24.3°  and  -12.1°).  The  remaining  S  started  crank  excursion 
almost  at  the  same  instant,  but  reset  it  clearly  later.  In  these  cases,  excursion 
periods  tended^ to  lag  chair  velocity  by  almost  90°  at  0.05  Hz  [<j>  -  —90.6  ±  17.9°) 
and  at  0.2  Hz  (0  -  -75.1  ±  12.3°).  The  slope  of  the  mean  phase  characteristic  was 
different  from  that  obtained  with  humming  in  that  there  was  a  relative  phase  lag 
instead  of  phase  lead  at  0.05  Hz  compared  to  0.2  Hz.  Similar  with  humming,  no 
reliable  values  were  obtained  at  1  Hz.  Taken  together,  crank  excursion  was 
roughly  in  phase  with  chair  position.  The  subjects  seemed  not  to  be  aware  of  this 
fact  when  asked  after  the  experiments. 

When  tested  with  position  trapezoids,  the  subjects  started  crank  excursion 
during  chair  rotation,  but  tended  to  maintain  the  crank’s  new  position  after  the 
end  of  the  stimulus.  In  order  to  overcome  this  tendency,  special  instructions  were 
given  to  5  other  S.  They  were  asked  to  indicate  turning  sensations  during  rotation 
in  either  direction,  and  to  pay  attention  to  the  instances  of  speeding  up  and 
slowing  down  of  chair  rotation.  During  the  experiments  they  turned  the  crank  in 
the  same  direction  as  chair  rotation,  the  profile  of  the  crank  excursion  resembling 
that  of  chair  velocity,  although  it  was  slightly  delayed  and  broadened  (Figure 
2B-a).  The  S  reported  that  they  experienced,  after  the  end  of  this  stimulus,  a  slight 
and  long-lasting  rotation  in  the  opposite  direction.  In  a  further  set  of  trials,  they 
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were  asked  to  indicate  any  weak  turning  sensation  they  might  experience  after 
the  end  of  the  rapid  rotation.  With  this  instruction,  they  generally  executed  a 
small  and  long-lasting  excursion  after  the  end  of  the  stimulus.  The  signal  was 
opposite  in  sign  with  respect  to  the  one  that  they  had  produced  with  the  previous 
instruction  (cf.,  Figure  2B-b).  In  a  final  set  of  trials,  the  spontaneous  indication  of 
angular  displacement  (position),  which  the  first  10  S  had  produced,  was  further 
explored.  The  5  new  S  were  told  that  in  the  initial  chair  position,  the  direction 
straight  forward  was  north.  They  had  to  turn  the  crank  so  that  it  always  would 
point  to  the  north  while  they  were  turned.  Crank  excursion  was,  of  course,  now 
opposite  to  that  in  the  first  experiment.  The  signals  were  related  rather  well  to  the 
trapezoidal  chair  displacements  (Figure  2B-c)  apart  from  two  aspects:  first,  chair 
displacement  tended  to  be  underestimated;  second,  there  was  a  slight  backward 
drift.  On  request,  the  subjects  related  this  drift  to  the  weak  sensation  of 
counterrotation  they  had  indicated  in  the  previous  experiments. 

In  summary,  crank  excursion  turned  out  quite  suitable  for  the  indication  cf 
angular  displacement,  but  appeared  to  be  less  suited  for  indication  of  the  turning 
sensation.  In  the  following  sections  dealing  with  turning  sensations  during 
isolated  trunk  rotation  and  isolated  head  rotation,  results  obtained  with  this 
method  will  not  be  considered. 


Stimulation  of  Neck  Afferents 

Neck  stimulation  was  achieved  by  rotation  of  the  trunk  while  the  head  was 
kept  stationary.  The  scheme  on  top  of  Figure  4A  gives  our  definition  of  its  on 
direction  relative  to  the  other  stimuli  used:  the  reference  is  the  labyrinthine 
stimulus  (L)  during  whole-body  rotation  (in  the  example,  counterclockwise), 
which  excites  primary  horizontal  canal  afferents  on  the  side  to  which  the  animal 
is  rotated.  The  neck  stimulus  is  called  (plus)  N,  when  the  chair  is  rotated  to  the 
same  side  as  in  condition  L;  in  this  situation  stretch  of  the  neck,  which  we 
consider  to  be  the  excitatory  stimulus,  occurs  on  the  same  side  as  the  canal 
afferent  excitation.  If  the  two  stimuli  are  combined  during  rotation  of  the  head 
with  stationary  trunk,  the  neck  is  stretched  contralateral  to  the  canal  excited. 
Thus  we  refer  to  this  stimulus  as  L  minus  N.  The  same  stimuli  as  shown  for  the 
cat  were  also  applied  to  the  human  subjects. 


Neuronal  Responses 

About  80%  of  the  vestibular  ASS  neurons  also  responded  to  neck  stimulation. 
Mean  neck  sensitivity  (1.04  spikes/second  per  degree/second)  was  slightly  higher 
than  mean  labyrinthine  sensitivity.  Neck  type  I  responses  were  about  as  frequent 
as  neck  type  II  responses  (definition  as  with  labyrinthine  responses;  Reference  5). 
With  our  standard  stimulus,  the  mean  phase  of  the  neck  responses  lagged  that  of 
labyrinthine  responses  by  about  10°.  The  frequency  characteristics  of  the 
individual  neurons  showed  large  variations.  In  most  of  the  neurons,  they  could 
be  related  to  the  following  two  response  patterns  obtained  with  position  trape¬ 
zoids:  (1)  neurons  behaving  like  a  leaky  integrator  of  acceleration  during  sinusoi¬ 
dal  stimulation  (in  phase  with  velocity  at  0.2  and  1  Hz,  reduced  gain  and  a  phase 
lead  at  0.05  Hz)  gave  almost  purely  phasic  responses  with  position  trapezoids 
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(30%;  n  =  56);  (2)  neurons  behaving  like  a  position-plus-velocity  signaling  system 
(in  phase  with  velocity  at  0.2  and  1  Hz,  increased  gain  and  a  phase  lag  at  0.05  Hz) 
gave  phasic-tonic  responses  (both  components  in  the  same  direction)  (41%).  The 
remaining  neurons  (29%)  had  more  complex  frequency  characteristics  and 
response  patterns  (e.g.,  a  phasic  response  in  one  direction  followed  by  a  tonic 
response  in  the  opposite  direction;  cf..  Figure  3A).  In  the  latter  neurons, 
trapezoid  responses  often  could  not  be  predicted  from  the  sinusoid  responses. 
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Figure  3.  Schematic  summary  of  the  most  common  patterns  of  labyrinthine-neck 
convergence  and  interaction  obtained  with  trapezoidal  stimuli  (dashed  curves).  A:  ASS 
cortex.  Horizontal  row  on  top  of  matrix  shows  major  patterns  of  labyrinthine  responses  (L); 
left  vertical  column  gives  neck  responses  ( -N,  on-direction  reversed).  The  elements  of  the 
matrix  show  the  interaction  responses  (L  -  N)  resulting  from  the  combined  labyrinthine- 
neck  stimulation  during  isolated  head  rotation.  Note  that  basically  four  different  patterns  of 
interaction  responses  result:  subtraction  of  phasic  response  components  yields  (1)  little  or 
no  response  (one  asterisk)  or  (2)  tonic  responses  (two  asterisks);  addition  of  phasic  response 
components  yields  enhanced  phasic  responses  (3)  with  or  (4)  without  additional  tonic 
components.  B:  Vestibular  nuclei.  Signal  diagram  summarizing  the  basic  patterns  of 
labyrinthine-neck  convergence  and  interaction  observed.’  Two  sensors  are  hypothesized  in 
the  neck,  one  (N,)  having  static  and  the  other  (Np)  having  dynamic  properties.  Four  different 
patterns  of  interaction  responses  result,  which  resemble  those  found  in  the  ASS  cortex. 
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Turning  Sensations  of  the  Subjects 

In  the  first  10  S  mentioned,  whole-body  rotations  were  intermittently 
replaced  by  rotations  of  the  trunk  alone,  by  keeping  the  frame  with  the  head 
stationary  while  the  chair  rotated.  All  S  indicated  a  turning  sensation  (humming). 
Five  of  them  indicated^  the  same  on  direction  as  with  whole-body  rotation 
(0  -  - 18.7°  at  0.05  Hz,  <$>  =  —41.8^  at  0.2  Hz),  while  the  other  5  reversed  the  on 
direction  (4>  =  -187.7°  at  0.05  Hz,  <f>  =  -208.3°  at  0.2  Hz).  Thus  in  both  groups,  the 
humming  periods  were  almost  in  phase  with  the  angular  velocities  in  the 
respective  on  direction  (cf..  Figure  4B).  After  the  experiments,  all  subjects 
reported  that  they  had  been  able  to  distinguish  between  whole-body  rotation  and 
trunk  rotation.  Those  in  the  first  group  had  focused  their  attention  on  the  trunk 
and  had  indicated  its  rotation.  However,  they  experienced  at  the  same  time  a 
head  rotation  in  the  opposite  direction,  which  they  had  disregarded.  This 
apparent  head  rotation  had  been  indicated  by  the  second  group  of  S,  who 
reported  that  they  had  focused  their  attention  on  head  rotation.  Taken  together, 
trunk  rotation  induced  two  different  sensations:  a  prominent  turning  sensation  in 
the  direction  of  actual  trunk  rotation,  and  a  sensation  of  apparent  head  rotation  in 
the  opposite  direction. 


Combined  Labyrinthine  and  Neck  Stimulation 

The  stimulus  condition  already  has  been  described  under  Stimulation  of 
Neck  Afferents.  It  should  be  pointed  out  once  more  that  according  to  our 
definition,  the  two  receptor  systems  are  reciprocally  activated  during  head 
rotation.  Thus  we  give  the  neck  input  during  interaction  a  negative  sign.  For 
sinusoidal  rotation,  this  corresponds  to  a  shift  in  phase  of  the  stimulus  and  of  the 
response  by  180°;  for  trapezoidal  rotation,  this  corresponds  to  a  reversal  of  the  on 
and  off  directions. 


Neuronal  Responses 

The  four  different  response  patterns  obtained  with  labyrinthine  stimulation 
(see  section  on  Horizontal  Canal  Stimulation)  could  combine  with  those  obtained 
with  neck  stimulation  (see  section  on  Stimulation  of  Neck  Afferents)  during  head 
rotation,  so  at  first  glance  a  confusing  variety  of  possible  convergences  resulted. 
However,  the  majority  of  neurons  (40/56)  tested  with  position  trapezoids  in  all  of 
the  stimulus  conditions  could  be  arranged  in  the  scheme  of  Figure  3A.  This 
scheme  shows  the  convergences  of  the  most  common  labyrinthine  responses 
(pure  phasic  responses  or  phasic  response  with  "quasi-tonic”  overshoot)  and 
neck  responses  (purely  phasic  responses  or  phasic  responses  with  an  additional 
tonic  component  either  in  the  same  or  in  the  opposite  direction).  The  phasic 
components  of  the  labyrinthine  and  neck  responses  had  either  opposite  on 
directions  during  head  rotation  (antagonistic  convergence,  left  half  of  Figure  3A) 
or  the  same  on  direction  (synergistic  convergence,  right  half  of  Figure  3A).  For 
the  sake  of  simplicity,  the  absolute  directionality  of  the  neurons  (type  I  or  type  II) 
was  disregarded.  Antagonistic  convergence  was  found  in  67.5%  of  the  neurons, 
while  32.5%  of  the  neurons  showed  a  synergistic  convergence.  The  relative 
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frequency  of  the  individual  combinations  is  given  by  the  percentage  numbers  in 
Figure  3A. 

In  considering  the  outcome  of  interaction,  essentially  four  basic  patterns  of 
interaction  responses  could  be  distinguished:  (1)  little  or  no  response  during  head 
rotation,  due  to  subtraction  of  phasic  and/or  tonic  response  components  (one 
asterisk  in  Figure  3A);  (2)  tonic  responses  mainly  of  neck  origin,  remaining  after 
subtraction  of  phasic  response  components  (two  asterisks  in  Figure  3A);  (3) 
enhanced  phasic  responses  without  tonic  component,  due  to  addition  of  phasic 
labyrinthine  and  neck  responses  either  without  tonic  components  or  with  tonic 
components  canceling  each  other;  and  (4)  enhanced  phasic  responses  with 
additional  tonic  components,  which  were  usually  of  neck  origin  but  in  a  few 
cases  stemmed  from  or  had  contributions  from  the  labyrinthine  response. 

In  the  neurons  with  additive  interaction,  the  enhancement  of  the  excitatory 
response  during  head  rotation  could  be  explained  rather  well  by  assuming  linear 
summation  of  the  two  inputs.  However,  in  the  neurons  with  antagonistic  interac¬ 
tion,  a  strong  excitatory  response  to  one  stimulus  was  often  canceled  by  a  weak 
“inhibitory”  response  to  the  other  stimulus.  The  most  likely  explanation  would  be 
that  the  excitatory  response  has  an  almost  equal  "inhibitory”  counterpart  at 
subcortical  level,  which  is  reduced  on  the  way  to  the  cortex  together  with  the 
decrease  in  resting  rate.  Thus  the  interaction  observed  at  cortical  level  is 
probably  performed,  at  least  in  part,  in  subcortical  structures.  In  fact,  neurons  in 
the  vestibular  nuclei  (VN)  of  the  cat  showed  linear  subtraction  or  linear  addition 
of  labyrinthine  and  neck  response  with  the  same  stimuli.1  A  schematic  descrip¬ 
tion  of  the  basic  convergences  and  interactions  found  in  the  VN  is  given  in 
Figure  3B.  The  basic  features  of  the  interaction  responses  obtained  in  the  VN 
resemble  those  obtained  in  the  ASS  cortex,  although  the  latter  resulted  from  a 
much  larger  variety  of  convergences. 

In  our  earlier  studies,  we  mainly  had  used  sinusoidal  stimuli.2,4 13  These 
stimuli  also  were  applied  to  some  neurons  in  the  present  study.  The  results 
confirmed  our  earlier  data,  and  they  were  also  consistent  with  the  four  major 
response  patterns  described  above.  Examples  are  given  in  Figure  4A.  In  the  first 
neuron  (subtraction  1,  solid  line),  labyrinthine  and  neck  responses  are  similar 
with  respect  to  their  sensitivity  and  phase  at  the  three  frequencies  tested.  In  the 
L  -  N  condition,  the  sensitivity  of  the  neuron  is  greatly  reduced  at  all  stimulus 
frequencies.  The  second  neuron  (subtraction  2,  dotted  lines)  represents  a  similar 
case  of  subtraction;  but  at  0.05  Hz,  the  neck  response  shows  a  phase  lag,  and  the 
response  remaining  during  interaction  is  shifted  in  phase  towards  position  (the 
neuron  belonged  to  the  group  of  interaction  responses  in  which  phasic 


signs  refer  to  excitation  respective  to  "inhibition"  of  horizontal  canal  and  neck  receptors.  A: 
Three  examples  of  ASS  neurons.  In  the  first  neuron  (subtraction  1,  solid  lines),  responses  to 
the  L  -  and  the  N  -  stimuli  are  similar;  they  subtract  during  L  -  N  at  all  frequencies  tested. 
In  the  second  example  (subtraction  2,  dotted  lines),  subtractive  interaction  tends  to  be 
incomplete  in  the  lower  frequency  range.  In  the  third  neuron  (addition,  dashed  lines),  L- 
and  N-  response  are  180°  out  of  phase;  their  interaction  is  additive.  B:  Concurrent 
indication  of  turning  sensation  by  humming.  Same  S  as  in  Figure  IB.  Five  of  the  S  had 
chosen  the  trunk  as  reference  (solid  lines);  their  turning  sensations  were  similar  during  L 
and  N  stimulation,  and  were  either  absent  (2  S)  or  weak  (3  S,  thin  line)  with  the  L  -  N 
stimulation.  The  other  5  S  had  chosen  the  head  as  reference;  their  turning  sensations  during 
the  N  stimulation  were  about  180°  out  of  phase,  and  during  L  -  N  stimulation  almost  in 
phase,  with  those  obtained  during  L  stimulation. 
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response  components  were  canceled  by  subtraction  while  the  tonic  neck  compo¬ 
nent  remained).  In  the  third  neuron  (addition,  dashed  lines),  the  neck  response  is 
about  180°  out  of  phase  with  respect  to  the  labyrinthine  response.  During  head 
rotation,  the  interaction  response  is  enhanced. 


Turning  Sensations  of  the  Subjects 

In  the  10  subjects  described  above,  whole-body  or  trunk  rotation  was 
intermittently  replaced  by  rotation  of  the  head  while  the  trunk  was  kept 
stationary.  In  the  first  group  of  S,  who  had  chosen  the  trunk  as  reference,  3  out  of 
5  produced  only  a  weak  humming  (in  the  direction  of  head  rotation)  and  the 
remaining  2  produced  no  humming  at  all  (cf..  Figure  4B).  On  request  they 
reported  that  they  had  little  or  no  turning  sensation.  The  other  5  S,  who  had 
chosen  the  head  as  reference,  indicated  a  prominent  turning  sensation  in  the 
same  direction  as  during  whole-body  rotation  (at  0.05  Hz,  4>  -  +0.1°;  at  0.2  Hz, 
=  -24.4°)  (cf..  Figure  4B).  On  request  they  reported  that  the  sensation  was  as 
strong  or  even  stronger  than  during  whole-body  rotation.  Taken  together,  it 
appears  that  during  head  rotation  there  are  two  possible  turning  sensations:  one 
refers  to  the  trunk  and  results  from  antagonistic  interaction  of  labyrinthine  and 
neck  input,  while  the  other  refers  to  the  head  and  results  from  a  synergistic 
interaction  of  the  two  inputs. 


Discussion 

In  human  subjects,  the  turning  sensation  during  sinusoidal  horizontal  rotation 
is  closely  related  to  the  theoretical  deflection  of  the  cupula,  which  during  most 
naturally  occurring  head  movements  signals  angular  velocity.67  Furthermore,  the 
ability  to  estimate  angular  displacement  in  the  horizontal  plane  as  well  as 
after-sensations  of  apparent  counterrotation  is  well  documented  in  the  psycho¬ 
physical  literature.3,6  7,6  Our  own  preliminary  psychophysical  experiments 
confirmed  these  findings.  We  tried  to  use  as  few  instructions  and  as  simple 
methods  of  indication  as  possible.  Our  aim  was  to  gain  a  close  access  to  the  actual 
sensations  of  the  subjects  and  not  to  stress  their  ability  to  perform  elaborate  tasks 
related  to  these  sensations.  Concurrent  sensation  indication  with  humming 
slightly  lagged  angular  velocity  in  phase.  This  phase  lag  might  be  due  to  the  fact 
that  sensation  onset  was  approached  from  subthreshold  level  whereas  the  end  of 
the  sensation  was  approached  from  suprathreshold  level  (the  threshold  in  the 
former  case  being  higher  than  in  the  latter  case).  On  the  other  hand,  we  cannot 
exclude  that  the  subjects  had  introduced  additionally  a  relative  phase  advance 
by  prediction  to  compensate  for  their  reaction  time.  With  the  crank  turning  as 
indication,  most  subjects  tended  to  indicate  angular  position.  The  phase  characr 
teristics  with  crank  turning  resemble  that  of  a  second-order  system  (with  the 
acceleration  as  input)  with  a  lead  element  at  the  higher  frequencies.  However, 
the  frequency  range  tested  was  too  small  and  responses  in  the  upper  frequency 
range  too  inaccurate  to  allow  a  final  conclusion.  Therefore,  in  the  further 
experiments,  we  restricted  ourselves  to  the  indication  by  humming,  which  we 
consider  to  be  closer  to  the  actual  turning  sensation. 

The  ASS  cortex  in  the  cat  was  found  to  contain  neurons  that  basically  perform 
operations  similar  to  those  necessary  to  explain  the  psychophysical  findings. 
TTiese  operations  include  coding  of  angular  velocity,  measurement  of  angular 
displacement,  and  an  aftereffect  equivalent  to  an  apparent  counterrotation 
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following  position  trapezoids.  The  operation  required  to  obtain  the  angular 
displacement  information  is  an  integration  of  the  velocity  signal  over  time.  The 
tonic  neurons  in  the  ASS  cortex  conceivably  represent  a  first  step  toward 
displacement  information.  As  to  the  “quasi-tonic”  overshoots  observed  in  a 
considerable  number  of  the  cortical  neurons,  they  possibly  may  be  related  to  the 
long-lasting  after-sensations  of  counterrotation  after  the  end  of  the  trapezoid 
stimuli.  Both  the  neuronal  and  psychophysical  aftereffects  appear  to  involve 
adaptational  processes  already  starting  in  the  cupula  and  the  primary  afferents 
(cf..  Reference  16);  similar  overshoots  were  observed  also  in  neurons  of  the 
vestibular  nuclei,  but  with  clearly  smaller  amplitudes.1  Thus  the  overshoots 
appear  to  be  enhanced  relative  to  the  phasic  response  component  on  the  way  to 
the  cortex.  This  suggests  that  central  processes  also  contribute  to  the  human 
after-sensation. 

In  the  majority  of  neurons,  convergence  of  labyrinthine  and  neck  input  was 
found  to  be  antagonistic.  In  some  of  these  neurons,  there  was  little  or  no  response 
during  head  rotation.  This  was  due  to  an  almost  complete  subtraction  of  the 
individual  labyrinthine  and  neck  responses.  In  contrast,  these  neurons  showed 
prominent  responses  when  the  trunk  was  rotated  either  in  isolation  (neck 
response)  or  together  with  the  head  (whole-body  rotation,  labyrinthine  response). 
Thus  these  neurons  appear  to  code  rotation  of  the  trunk.  In  other  neurons  with 
antagonistic  convergence,  subtractive  interaction  affected  only  the  phasic 
response  components  while  a  tonic  neck  signal  remained.  In  neurons  with 
synergistic  convergence,  the  phasic  response  components  especially  were 
enhanced  by  additive  interaction.  The  interaction  of  labyrinthine  and  neck 
afferents  appeared  to  be  based  on  a  linear  summation  of  the  two  inputs  (for 
parallels  in  earlier  behavioral  observations,  cf.  References  11  and  15). 

In  our  psychophysical  study  on  labyrinthine-neck  interaction,  we  found  that 
neck  stimulation  resulting  from  trunk  rotation  induces  a  strong  sensation  of  trunk 
turning  and  an  additional  sensation  of  (apparent)  head  rotation  in  the  opposite 
direction.  During  isolated  head  rotation,  one  would  expect  that  the  labyrinthine 
turning  sensation  and  the  sensation  of  trunk  turning  tend  to  cancel  each  other 
because  they  are  of  opposite  sign  in  this  stimulus  condition.  In  fact,  our  subjects 
who  used  the  trunk  as  reference  indicated  no  or  only  weak  turning  sensations 
during  head  rotation.  In  contrast,  the  illusion  of  head  rotation  during  neck 
stimulation  should  be  synergistic  with  the  labyrinthine  turning  sensation,  if  these 
two  stimuli  are  combined  during  head  rotation.  Although  not  quantified,  this 
appeared  to  hold  true  in  the  five  subjects  who  used  the  head  as  reference;  some 
of  them  reported  that  their  turning  sensation  in  this  situation  was  stronger  than 
during  whole-body  rotation. 

It  is  interesting  to  compare  these  findings  to  those  obtained  for  postural 
reflexes  of  labyrinthine  and  neck  origin.  It  generally  is  assumed  th.  1  :ng  head 
movements  the  two  reflexes  act  antagonistically  on  the  limbs.91015  Yms  rr-v  be  so 
because  head  movements  have  little  or  no  effect  on  trunk  stability  mtrast, 
the  two  reflexes  appear  to  act  additively  on  the  neck  musculature  during  passive 
head  rotation,  as  judged  from  a  recent  study  by  Peterson  and  collaborators 
(Reference  14  and  this  volume);  they  consider  this  interaction  to  be  essential  for 
head  versus  trunk  stabilization.  A  possible  function  of  additive  interaction  for 
turning  sensation  might  be  to  optimize  the  measurement  of  head  displacement  in 
space,  if  one  considers  that  the  labyrinthine  stimulus  alone  is  underestimated. 
Another  role  of  neck  input  may  be  to  compensate  for  after-sensations  of 
labyrinthine  origin.  However,  these  hypotheses  need  further  support  from 
experimental  work. 
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Summary 

The  present  study  provides  evidence  that  during  whole-body  rotation  and 
during  isolated  rotation  of  either  the  head  or  the  trunk,  essentially  the  same 
processing  of  labyrinthine  and  neck  afferent  inputs  takes  place  in  neurons  of  the 
cat’s  ASS  cortex  and  in  humans  who  try  to  distinguish  these  stimulus  conditions. 
This  processing  includes,  among  others,  (1)  measurement  of  angular  velocity  and 
displacement  during  labyrinthine  stimulation  (whole-body  rotation);  (2)  indica¬ 
tion  of  trunk  rotation  as  well  as  of  an  apparent  head  rotation  in  the  opposite 
direction  during  neck  stimulation  (isolated  trunk  rotation);  and  (3)  subtraction  as 
well  as  addition  of  labyrinthine  and  neck  afferent  inputs  during  combined 
stimulation  (isolated  head  rotation).  Subtraction  provides  a  basis  for  the  discrimi¬ 
nation  between  whole-body  rotation  and  isolated  head  rotation;  addition  may 
optimize  the  indication  of  movement  and  position  of  the  head  in  space. 
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RESPONSES  OF  VESTIBULOSPINAL  NEURONS 
TO  NECK  AND  MACULAR  VESTIBULAR  INPUTS 
IN  THE  PRESENCE  OR  ABSENCE 
OF  THE  PALEOCEREBELLUM* 

R.  Boyle  and  O.  Pompeianof 

Institute  of  Human  Physiology 
University  of  Pisa 
56100  Pisa,  Italy 


Introduction 

In  the  normal,  active  animal,  signals  arising  from  macular  vestibular  or  neck 
receptors  are  elicited  during  deviations  of  the  head  relative  to  space  or  to  body. 
The  resulting  information  is  processed  in  the  brain  stem  and  thus  allows  the 
motor  system  to  maintain  a  stable  position  of  the  body  against  external  distur¬ 
bances.  Although  the  importance  of  macular  vestibular  and  neck  receptors  in 
maintenance  of  posture  is  well  known, 7,22,23  the  interaction  of  corresponding 
afferent  signals  on  central  nervous  structures  is  poorly  understood.  Von  Holst 
and  Mittelstaedt  postulated  an  antagonistic  interaction  of  tonic  vestibular  and 
neck  reflexes  on  postural  mechanisms  involving  the  limb  musculature13  (cf.. 
References  25  and  32).  Inclination  experiments  in  decerebrate  cats  have  shown 
that  the  responses  of  ipsilateral  forelimb  extensors  to  independent  stimulation  ot 
macular  and  neck  receptors  are  opposite  in  sign,7'9  22'24  and  are  appropriate  to 
explain  why  directional  changes  in  head  position— when  both  tonic  labyrinth 
and  neck  reflexes  act  together— leave  the  position  of  the  limbs  unchanged  (cf., 
References  13,  25,  and  32). 

To  account  for  these  findings,  one  might  postulate  that  the  stability  of  postural 
activity  during  head  rotation  is  the  result  of  an  integration  of  opposite  influences 
arising  from  macular  and  neck  receptors,  converging  through  independent 
channels  on  either  spinal  motoneurons  or  neurons  of  supraspinal  descending 
pathways  subserving  postural  regulation.  Tonic  neck  reflexes  have  been 
observed  after  upper  cervical  transection22  (cf.,  however.  Reference  41)  and  may 
thus  control  the  activity  of  fore-  and  hindlimb  motoneurons  by  utilizing  proprio- 
spinal  mechanisms  (cf..  References  15  and  17).  On  the  other  hand,  the  tonic 
labyrinth  reflexes  utilize  mainly  the  vestibulospinal  reflex  arc  passing  through 
the  lateral  vestibular  nucleus  (LVN)  of  Deiters21  (cf..  References  28  and  43).  These 
two  apparently  independent  anatomical  pathways,  however,  are  functionally 
linked  at  the  level  of  the  LVN  itself:  LVN  neurons  may  process  afferent  signals 
originating  not  only  from  macular  receptors  (see  3  and  27  for  references)  but  also 
from  neck  receptors.4,5,11  12  26  33  35  40 
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The  present  report  summarizes  a  series  of  experiments  designed  to  determine 
how  the  conflict  between  asymmetric  responses  arising  from  macular  and  neck 
receptors  is  resolved  at  the  level  of  the  LVN.  The  relative  contribution  of  the 
cerebellum  in  determining  the  response  characteristics  of  LVN  units  to  the  two 
afferent  signals  also  was  investigated. 


Methods 

The  experiments  were  performed  on  34  adult  cats  decerebrated  at  the 
precollicular  level  under  ether  anesthesia.  In  18  experiments,  the  cerebellar 
vermal  cortex  and  fastigial  nuclei  were  aspirated  until  visualization  of  the  floor 
of  the  fourth  ventricle.  The  dorsal  neck  muscles— biventer  cervicis,  complexus, 
and  splenius — were  disconnected  bilaterally  from  the  occipital  bone;  the  ventral 
rami  of  C,-C3  were  crushed,  and  the  skin  of  the  neck  was  disconnected  from  the 
underlying  musculature  and  fully  denervated. 

In  20  experiments,  the  animals  were  immobilized  with  pancuronium  bromide 
(Pavulon,  N.V.  Organon  Oss)  and  artificially  ventilated.  Systematic  arterial 
pressure,  rectal  temperature,  and  end-tidal  PCo2  were  monitored  and  maintained 
within  physiological  limits. 

The  animal’s  head  was  placed  in  a  stereotaxic  frame  and  fixed  in  horizontal 
position,  pitched  10°  nose  down.  The  axis  vertebra  was  held  at  the  level  of  the 
exposed  spinous  process  of  C2  by  a  clamp  secured  on  a  tilting  table;  the  lower 
trunk  was  clamped  to  a  spinal  cord  frame,  and  pins  were  inserted  through  the 
great  trochanter  of  both  femoral  bones  to  prevent  body  sway.  Fore-  and 
hindlimbs  were  extended  and  clamped.  Sinusoidal  oscillations  of  the  neck, 
whole  animal  (tilt),  or  head  alone  about  the  animal’s  longitudinal  axis  were 
accomplished  by  independent  hydraulic  systems  (cf„  Reference  8).  In  particular, 
rotation  of  the  neck  damp  and  table  simultaneously  beneath  a  stationary  head 
produced  stimulation  of  neck  receptors  (neck  input).  Rotation  of  the  entire 
stereotaxic  equipment  and  table  together  produced  stimulation  of  labyrinth 
receptors  (macular  input).  And  finally,  rotation  of  the  head  while  the  C2  clamp 
and  table  remained  stationary  elicited  costimulation  of  both  receptors 
(neck  +  macular  inputs ).  Since  detectable  responses  to  the  individual  neck  and 
macular  inputs  were  ensured  using  sinusoidal  stimulation  at  0.026  Hz,  5  to  10° 
peak  amplitude  of  displacement,  these  parameters  will  be  referred  to  as  the 
standard  parameters  of  angular  rotation. 

To  activate  vestibulospinal  neurons,  three  stimulating  electrodes  with  an 
interelectrode  distance  of  1.5  mm,  and  made  of  insulated  200-Mm  stainless-steel 
wire  were  implanted  into  the  ventral  quadrant  of  the  right  cervical  cord  (between 
C3  and  C4).  Stimuli  for  identification  of  vestibulospinal  neurons  consisted  of 
single  0.2-msecond  rectangular  pulses  applied  in  a  bipolar  manner  between  two 
of  the  three  electrodes.  Standard  criteria  for  antidromic  activation  were  followed 
(cf.,  Reference  30).  For  extracellular  recording  of  single  units,  glass  microelec¬ 
trodes  (5-10  MU  impedance)  filled  with  2%  Pontamine  Sky  Blue  dye  in  0.5  M 
sodium  acetate  were  used. 

The  unit  activity  was  filtered,  amplified,  and  converted  to  standard  pulses 
and  averaged  (sequential  pulse  density  histograms,  SPDH).  The  analog  output  of 
the  signal  averager  (Correlatron  1024,  Laben)  was  plotted  on  an  x-y  plotter  (HP 
7035P),  and  the  digital  data  were  stored  on  punch  tape  and  processed  off-line 
with  a  computer  system  (HP  2100/ A)  equipped  with  a  fast  Fourier  analyzer  (HP 
5451/B). 
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Results  are  based  on  the  cross-spectral  analysis  of  the  averaged  unit  activity 
with  respect  to  the  first  harmonic  of  response  (output)  during  the  rotational 
stimuli  (input). 

The  sensitivity  of  the  fundamental  component  of  response  was  defined  as  the 
percentage  increase  (half  of  peak-to-peak)  of  mean  firing  rate  per  degree  of  peak 
displacement,  while  the  corresponding  gain  was  expressed  in  impulses/second 
per  degree.  According  to  the  terminology  used  by  Lindsay  et  al.,19  the  direction  of 
stimulus  orientation  was  designated  side-down  when  the  head  or  spinous  process 
of  C2  was  rotated  towards  the  side  of  the  recorded  unit,  and  side-up  for  rotations 
in  the  opposite  sense.  The  phase  angle  of  response  was  expressed  in  arc  degrees 
with  respect  to  the  peak  of  side-down  position  of  the  head  or  neck,  indicated  by 
0°.  A  coherence  coefficient  was  computed  to  provide  a  measure  of  reliability 
between  the  input  and  output.  We  consider  to  be  positive  only  those  units 
displaying  a  stable  resting  discharge,  and  a  response  to  successive  cycles  of 
stimulation  with  a  coherence  coefficient  higher  than  0.8,  a  sensitivity  usually 
greater  than  0.4,  and  a  harmonic  distortion  less  than  25%. 

At  the  end  of  each  penetration,  the  location  of  recorded  units  was  marked  and 
later  identified  on  serial  sections  stained  with  the  Neutral  Red  method.  The 
vestibular  nuclei  were  identified  following  the  anatomical  criteria  described  by 
Pompeiano  and  Brodal.29  The  criteria  for  the  subdivision  of  the  LVN  into 
rostroventral  and  dorsocaudal  parts  can  be  found  in  previous  papers.3  4 


Results 

General  Considerations 

The  activity  of  231  neurons  identified  histologically  in  the  LVN  has  been 
recorded.  These  neurons  have  been  separated  into  two  main  groups.  In  the  first 
group,  100  units  were  obtained  from  preparations  with  the  cerebellum  intact.  The 
LVN  was  subdivided  anatomically  into  its  rostroventral  (cLVN;  n  -  33  units)  and 
dorsocaudal  (1LVN;  n  -  67  units)  aspects,  which  are  known  to  project  to  cervical 
and  lumbosacral  segments  of  the  spinal  cord,  respectively.  Thirty-five  units  were 
activated  antidromically  from  the  spinal  cord  and  have  been  assigned  to  their 
division  of  the  LVN.  In  the  second  group,  131  units  were  recorded  in  prepara¬ 
tions  following  partial  cerebellectomy,  i.e.,  complete  destruction  of  the  vermal 
cortex  of  anterior  lobe  and  the  fastigial  nuclei,  and  included  53  cLVN  and  78 
1LVN  units.  Ninety  units  were  classified  as  vestibulospinal  neurons.  Neurons 
located  in  other  vestibular  nuclei  have  been  excluded  from  this  report. 


Response  Characteristics  of  LVN  Neurons  to  Macular  Vestibular  Stimulation 

Among  the  population  of  231  units  studied  during  sinusoidal  tilt  of  the  animal 
(0.026  Hz,  5  or  10°),  the  majority  displayed  a  reliable  periodic  modulation  of  their 
firing  rate  to  the  stimulus  both  in  preparations  with  intact  cerebellum  (n  -  75,  i.e., 
75.0%)  or  with  partial  cerebellectomy  (n  -  94,  i.e.,  71.8%);  the  remaining  units  in 
either  type  of  preparation  were  unaffected  by  this  stimulus. 

Three  main  points  emerge  upon  inspection  of  the  data  of  Table  1.  First,  the 
proportion  of  cLVN  units  responding  to  angular  tilt  was  higher  than  that  of  1LVN 
units  in  both  preparations.  Second,  the  average  response  sensitivity  of  cLVN 
units  was  significantly  greater  than  that  of  ILVN  in  both  preparations 


Table  1 

Responses  of  LVN  Neurons  to  Sinusoidal  Tilt  of  the  Animal  (Macular  Vestibular  Input)  or  Rotation  of  the  Neck  (Neck  Input) 
at  Standard  Parameters  in  Intact  Cerebellum  and  Partially  Cerebellectom/zed  Preparations* 
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‘Abbreviations  used:  LVN,  lateral  vestibular  nucleus;  cLVN  and  ILVN.  rostroventral  and  dorsocaudal  parts  of  LVN.  respectively;  gain,  change  of  mean  firing  rate 
per  degree  of  peak  displacement;  sensitivity,  percentage  change  of  mean  firing  rate  per  degree.  Phase  angle  of  the  first  harmonic  of  responses  is  relative  to  ipsilateral 
side-down  displacement. 
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(P  <  0-01.  t-test  for  difference  of  means);  no  significant  difference  in  response 
sensitivity  was  observed  between  the  two  preparations  for  each  respective 
subdivision  of  the  LVN  as  well  as  the  whole  population  of  LVN  neurons  (Figure 
1A),  or  in  mean  firing  rates  within  and  across  the  two  populations  of  units.  And 
third,  the  majority  of  responding  units  were  maximally  excited  by  the  direction  of 
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Figure  1.  Response  sensitivity  of  LVN  units  to  individual  macular  vestibular  (A)  and 
neck  (B)  stimulation.  Histograms  plot  the  sensitivity  of  unit  responses  to  selective  stimula¬ 
tion  °f  macular  vestibular  or  neck  receptors  at  standard  parameters  (10°  peak  displacement 
at  0.026  Hz)  in  preparations  with  intact  cerebellum  (hatched  columns)  or  following  partial 
cerebellectomy  (white  columns).  Values  in  this  and  subsequent  figures  refer  to  the  first 
harmonic  of  responses. 
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Ficure  2.  Distribution  of  the  phase  angle  of  unit  responses  in  the  cLVN  (A)  and  1LVN  (B) 
to  sinusoidal  macular  stimulation.  The  units  were  tested  during  lateral  tilting  of  the  animal 
at  standard  parameters.  Positive  numbers  in  abscissae  indicate  in  degrees  the  phase  lead, 
whereas  negative  numbers  indicate  the  phase  lag  of  responses  with  respect  to  extreme 
side-down  position  of  the  animal,  as  indicated  by  0°.  The  units  were  recorded  either  in 
preparations  with  intact  cerebellum  (hatched  columns)  or  after  partial  cerebellectomy 
(white  columns).  Values  ranging  from  +90°  to  180°,  representing  phase  lags  from  the  peak 
of  side-up  position  of  the  animal,  have  been  plotted  at  the  left-hand  side  of  each  histogram 
to  better  illustrate  unit  responses  for  this  direction  of  stimulus  orientation. 
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stimulus  orientation  both  in  intact  cerebellum  (n  =  45,  i.e.,  60.0%)  or  partial 
cerebellectomized  (n  =  83,  i.e.,  88.3%)  preparations. 

This  last  point,  i.e.,  the  phase  relation  of  unit  response  during  angular  tilt, 
deserves  a  more  detailed  description.  Figure  2  demonstrates  that  following 
partial  cerebellectomy,  the  proportion  of  unit  responses  related  to  the  direction  of 
animal  orientation  was  higher  than  in  preparations  with  intact  cerebellum, 
particularly  at  the  level  of  1LVN  (94.4%  and  55.5%,  respectively).  Furthermore, 
within  the  cLVN,  units  responding  with  an  increased  firing  rate  during  side- 
down  and  a  reduction  during  side-up  tilt  (alpha  response)  predominated  over 
those  displaying  the  opposite  pattern  of  response  (beta  response)  in  both  types  of 
preparations  (Figure  2A).  On  the  other  hand,  within  the  1LVN,  there  was  a 
predominance  of  the  alpha  over  the  beta  responses  in  preparations  with  intact 
cerebellum,  whereas  after  partial  cerebellectomy,  the  majority  of  unit  responses 
were  of  the  beta  type  and  only  three  (5.6%)  neurons  showed  a  response  that  was 
not  closely  related  to  either  direction  of  stimulus  orientation  (Figure  2B). 

In  summary,  both  the  sensitivity  and  the  proportion  of  units  responding  to 
angular  tilt  were  greater  within  the  cLVN  than  the  ILVN  in  preparations  with 
intact  cerebellum;  the  corresponding  parameters  were  not  modified  greatly  after 
partial  cerebellectomy.  The  preferred  direction  of  stimulus  orientation  to  elicit 
unit  responses  was  side-down  tilt  for  both  divisions  of  LVN  in  intact  cerebellum 
preparations.  After  partial  cerebellectomy,  cLVN  units  maintained  this  phase 
relationship.  However,  concerning  the  ILVN  units,  most  of  the  responses  at 
phase  angles  intermediate  between  the  two  extreme  positions  of  tilt  in  prepara¬ 
tions  with  the  cerebellum  intact  became  related  to  the  side-up  direction  of  tilt 
following  partial  cerebellectomy. 


Response  Characteristics  of  LVN  Units  to  Neck  Stimulation 

Among  the  population  of  units  studied  at  standard  pa.ameters  (n  =  231), 
approximately  one-half  responded  to  neck  rotation  in  both  preparations  (Table 
1).  The  major  findings  are  the  following.  In  intact  cerebellum  preparations,  the 
proportion  of  cLVN  units  (75.8%)  responding  to  neck  rotation  was  higher  than 
that  of  1LVN  units  (46.3%);  no  significant  difference  was  observed  in  their 
response  sensitivities.  Following  partial  cerebellectomy,  a  significant  reduction 
of  response  sensitivity  within  both  divisions  of  the  LVN  was  observed  (Figure  IB; 
p  <  0.05,  t-test  for  difference  of  means).  Similar  to  the  macular  responses,  the 
majority  of  units  responded  preferentially  to  the  direction  of  neck  orientation 
both  in  intact  cerebellum  (73.2%)  and  partial  cerebellectomized  (75.0%)  prepara¬ 
tions. 

Concerning  the  phase  relation  of  responses  (Figure  3),  the  majority  of  units  by 
two  fold  responded  preferentially  to  side-up  orientation  of  the  neck,  the  only 
exception  being  within  the  cLVN  in  preparations  with  intact  cerebellum.  This 
latter  group  of  neurons  underwent  the  most  detectable  changes  after  partial 
cerebellectomy;  a  reduced  proportion  of  responding  units  (45.3%  compared  to 
75.8%),  a  decreased  response  sensitivity  (1.88  ±  2.67  standard  deviation 
compared  to  3.89  ±  4.98  SD),  and  a  reversal  of  the  preferred  direction  of  neck 
orientation  were  observed.  This  latter  effect  is  illustrated  in  Figure  3A. 

In  summary,  in  the  absence  of  the  paleocerebellum,  there  was  a  reduction  in 
sensitivity  of  unit  responses  during  neck  rotation.  Concomitant  changes  in  phase 
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relation  of  unit  responses  were  also  observed  within  the  cLVN.  This  contrasts 
with  the  results  obtained  during  macular  stimulation  in  which  no  change  in 
response  sensitivity  was  found  in  both  divisions  of  the  LVN  following  partial 
cerebellectomy.  On  the  other  hand,  changes  in  the  phase  relation  of  unit 
responses  were  observed  only  in  the  1LVN. 
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Figure  3.  Distribution  of  the  phase  angle  of  unit  responses  in  the  cLVN  (A)  and  1LVN  (B) 
to  sinusoidal  neck  rotation.  The  units  were  tested  during  neck  rotation  at  standard 
parameters.  Description  as  in  Figure  2. 


Table  2 

Convergence  of  Both  Macular  and  Neck  Inputs  at  Standard  Parameters  on  LVN  Neurons 
in  Intact  Cerebellum  and  Partially  Cerebellectomized  Preparations* 
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Convergence  of  Both  Macular  and  Neck  Inputs  on  LVN  Neurons 

Approximately  one-half  of  the  units  in  both  preparations  responded  to 
independent  stimulation  of  both  receptors  (Table  2).  In  preparations  with  intact 
cerebellum,  the  percentage  of  units  receiving  a  convergent  input  was  greater 
within  the  cLVN  (72.7%)  than  the  1LVN  (41.8%).  This  relationship  vanished  after 
partial  cerebellectomy.  Fewer  cLVN  units  (45.3%)  responded  to  both  inputs  in 
the  latter  preparations,  thus  reaching  the  proportion  found  for  the  1LVN  units 
(44.9%).  Nevertheless,  the  average  ratio  of  sensitivity  of  the  neck  responses  over 
macular  responses  (SN/SM)  was  greater  by  two  fold  within  the  1LVN  than  the 
cLVN  in  both  preparations  (p  <  0.01,  t-test  for  difference  of  means).  This  latter 
finding  indicates  that  regardless  of  the  anatomical  integrity  of  the  cerebellum, 
there  is  a  greater  influence  of  the  macular  signal  on  the  neck  and  forelimb  region 
of  the  LVN  (cLVN),  whereas  the  neck  input  is  more  effective  on  the  hindlimb 
region  of  the  LVN  (1LVN). 

From  the  polar  diagram  and  histogram  in  Figure  4A  (see  also  Table  2),  it 
appears  that  the  majority  of  units  (33/52,  i.e.,  63.5%)  in  intact  cerebellum 
preparations  displayed  responses  that  were  roughly  out  of  phase  with  one 
another  with  an  average  difference  in  phase  angle  (A#)  of  144.0  ±  22.6°  SD;  the 
preferred  unit  response  in  both  divisions  of  the  LVN  in  these  preparations  was 
characterized  by  excitation  during  side-down  tilt  of  animal  and  side-up  neck 
rotation.  On  the  other  hand,  the  remaining  units  (19/52,  i.e.,  36.5%)  showed 
parallel  responses  to  the  two  inputs  with  an  average  A <t>  of  responses  of  46.5  ± 
24.6°  SD.  Following  partial  cerebellectomy,  the  units  tested  to  the  two  inputs 
were  distributed  equally  between  the  two  groups  showing  reciprocal  (A0  >  90°) 
or  paralled  (A <j>  <  90°)  responses.  The  major  observation  following  this  lesion  was 
the  dramatic  increase  in  number  of  units  responding  preferentially  to  both 
side-up  tilt  of  animal  and  side-up  neck  rotation  (28.8%),  as  opposed  to  that 
observed  in  intact  cerebellum  preparations  (1.9%;  see  Figure  4B  and  Table  2). 


Interaction  of  Macular  and  Neck  Responses  during  Head  Rotation 

Among  the  111  LVN  units  receiving  a  convergent  input  from  macular  and 
neck  receptors  in  both  preparations,  52  also  were  examined  in  detail  during 
combined  receptor  activation  elicited  by  head  rotation  at  standard  parameters. 
Of  this  sample,  36  units  (23  of  which  were  recorded  after  partial  cerebellectomy) 
were  identified  antidromically  as  vestibulospinal  neurons. 

The  52  unit  responses  to  head  rotation  were  usually  in  good  agreement  with 
those  predicted  as  a  result  of  vectorial  summation  of  responses  to  the  individual 
macular  and  neck  inputs.  This  finding  was  observed  in  the  two  divisions  of  the 
LVN  in  both  preparations,  regardless  of  the  fact  that  the  two  inputs  produced 
reciprocal  (n  -  27)  or  parallel  (n  -  25)  responses.  Figure  5  plots  the  predicted 
(vectorial)  values  of  both  the  sensitivity  (A)  and  phase  angle  (B)  of  responses 
against  the  corresponding  values  obtained  experimentally  during  head  rotation; 
the  degree  of  correspondence  was  striking  for  both  functions  (x2  <  0.01).  In  fact, 
the  difference  between  the  actual  and  predicted  response  sensitivities  corre¬ 
sponded  on  the  average  to  20.3  ±  14.6%  SD,  and  the  difference  between  the 
actual  and  predicted  phase  angles  of  responses  averaged  8.8  ±  11.8°  SD. 

Figure  6  presents  the  data  of  the  52  units  in  a  three-dimensional  diagram.  It 
can  be  seen  from  the  figure  that  when  the  responses  of  a  unit  to  the  macular  and 
neck  inputs  are  about  180°  out  of  phase,  the  more  prominent  the  response 
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Figure  4.  Responses  of  LVN  neurons  receiving  convergent  inputs  from  macular  and 
neck  receptors,  both  in  preparations  with  intact  cerebellum  (A)  and  with  partial  cerebellec- 
tomy  (B).  Each  unit  responded  to  both  neck  input  (dots)  and  macular  input  (circles).  The 
sensitivity  of  responses  of  each  unit  to  individual  inputs  is  indicated  by  the  distance  of  the 
corresponding  symbol  from  the  center  of  the  diagram  (see  the  scale  along  vertical 
meridian).  The  relative  position  of  each  symbol  from  0°  meridian  indicates  in  degrees  the 
phase  lead  (positive  values)  or  phase  lag  (negative  values)  of  the  peak  of  response  with 
respect  to  peak  of  side-down  displacement  either  of  the  animal  or  of  the  neck  only.  The 
histograms  on  the  right-hand  side  of  each  polar  diagram  provide  the  phase  angle  distribu¬ 
tion  of  unit  responses  to  each  input  in  both  preparations. 


sensitivity  to  one  input  over  the  other,  the  smaller  was  the  difference  in  phase 
angle  of  response  to  head  rotation  with  respect  to  that  elicited  by  the  prominent 
input.  This  finding  is  illustrated  by  the  population  of  11  units  located  in  the  lower 
left-hand  comer  along  the  x-axis.  On  the  other  hand,  when  the  response 
sensitivities  to  macular  and  neck  inputs  were  comparable,  the  phase  angle  of 
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Figure  5.  Comparison  between  the  experimental  parameters  of  responses  of  LVN 
neurons  to  combined  stimulation  of  neck-macular  receptors  and  the  corresponding 
predicted  values.  Among  the  52  LVN  units  receiving  a  convergent  input  from  both  neck 
and  macular  receptors,  29  (dots)  were  recorded  in  preparations  with  intact  cerebellum  and 
23  (circles)  after  partial  cerebellectomy.  Both  sensitivity  (A)  and  phase  angle  (B)  of 
responses  to  combined  neck-macular  inputs  (exp.)  have  been  plotted  against  the  corre- 
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Figure  6.  Three-dimensional  diagram  relating  response  characteristics  of  L.VN  neurons 
to  neck,  macular,  and  combined  inputs.  Of  52  unit  responses  to  individual  stimulation  of 
macular  and  neck  receptors  (0.026  Hz,  5  or  10°),  28  (dots)  displayed  a  higher  response 
sensitivity  to  neck  input  than  to  macular  input,  while  24  (circles)  showed  a  predominance 
of  the  macular  over  neck  response.  The  same  units  shown  in  Figure  5  are  plotted 
here  irrespective  of  the  preparation  from  which  they  were  collected.  Sensitivity„ta/ 
Sensitivity^,  x  100:  percent  ratio  of  response  sensitivities  to  the  least  and  most  effective 
(macular  or  neck)  input,  respectively.  </>„„  -  4 difference  in  degrees  between  phase 
angles  of  responses  of  same  units  to  the  most  and  least  effective  input,  respectively.  4>  - 
4>nm:  difference  in  degrees  between  phase  angle  of  response  elicited  by  combined  receptor 
stimulation  (head  rotation)  and  phase  angle  of  response  of  same  unit  to  the  most  effective 
(macular  or  neck)  input  alone,  respectively.  Additional  explanation  in  text. 


response  to  head  rotation  approached  an  intermediate  value  (about  90°)  in  those 
instances  in  which  the  responses  were  almost  in  opposition  of  phase;  however, 
this  value  progressively  decreased  below  90°  when  the  phase  angles  of  the  two 
separate  responses  became  more  and  more  in  phase.  This  is  actually  what  one 
would  expect  on  the  basis  of  a  vectorial  summation  of  responses. 

Figure  7  illustrates  the  cancelation  of  a  unit  response  during  combined 
receptor  activation  (head  rotation).  In  this  instance,  the  responses  of  the  same 
unit  to  individual  macular  and  neck  inputs  were  of  approximately  equal  magni- 


sponding  components  of  the  vector  (vect.)  calculated  by  summation  of  the  two  separate 
responses.  Linear  regression  and  correlation  coefficient  functions  for  all  the  recorded  units 
are  indicated.  The  lines  of  slope  1  would  apply  if  experimental  and  predicted  sensitivities 
and  phase  angles  of  reponses  were  equal. 
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Figure  7.  Cancelation  of  the  reciprocal  neck  and  macular  responses  of  a  vestibulospinal 
neuron  during  head  rotation.  SPDH  averaged  over  five  sweeps  (128  bins,  0.6-second  bin 
width)  showing  the  responses  of  an  LVN  unit  to  sinusoidal  stimulation  of  neck,  macular, 
and  combined  receptors  at  standard  parameters.  Lower  trace  indicates  animal  position. 
The  mean  firing  rate  of  unit  was  40.8  impulses/second.  The  neuron  received  a  convergent 
input  from  both  types  of  receptors  and  displayed  a  response  of  approximately  equal 
magnitude  to  both  the  neck  input  (sensitivity,  1.44)  and  macular  input  (sensitivity,  1.40),  but 
the  responses  were  reciprocally  arranged  (A0  -  171.8°).  Phase  angle  of  unit  response  to 
each  input  is  indicated  by  dashed  lines.  The  responses  to  individual  neck  and  macular 
inputs  were  highly  coherent  (>0.9)  and  were  suppressed  when  both  inputs  were  elicited 
during  head  rotation. 


tude  but  180°  out  of  phase,  and  as  a  consequence,  the  unit  displayed  no 
modulation  of  firing  rate  during  head  rotation.  This  was  not  a  common  observa¬ 
tion  because  one  input  normally  dominated  over  the  other  and  the  phase  angles 
of  responses  usually  were  not  in  perfect  opposition  of  phase  (see  Figure  6). 

In  addition  to  the  units  reported  above,  65  units  were  studied  during  head 
rotation.  In  these  instances,  the  units  were  unresponsive  to  one  or  both  stimuli. 
For  example,  when  one  input  alone  was  effective,  the  unit  response  during  head 
rotation  closely  mimicked  that  obtained  for  the  individual  (effective)  input.  Two 
examples  of  this  type  of  response  are  illustrated  in  Figure  8.  Further,  it  was 
observed  that  when  the  unit  responses  to  both  individual  inputs  were  negligible, 
a  reliable  response  could  be  elicited  during  head  rotation,  suggesting  that  both 
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inputs— subliminal  on  these  units  when  taken  individually— now  became  effec¬ 
tive. 

The  responses  of  vestibulospinal  neurons  to  macular,  neck,  and  combined 
inputs  finally  were  examined  against  changes  in  frequency  of  stimulation. 
Figure  9  illustrates  the  results  obtained  from  two  of  these  units  in  preparations 
with  intact  cerebellum  (A)  or  with  partial  cerebellectomy  (B).  Maximum  angular 
acceleration  ranged  from  0.02  to  8.9°/second2  for  the  former  and  from  0.9  to 
8.9°/second2  for  the  latter  unit.  The  phase  relation  and  sensitivity  of  unit 
response  to  combined  stimulation  of  both  macular  and  neck  receptors  (e>) 
approximated  that  predicted  vectorially  (x)  over  the  range  of  frequencies 
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Figure  8.  Unit  responses  during  head  rotation  of  vestibulospinal  neurons  receiving  only 
one  separate  input.  SPDH  showing  the  changes  in  discharge  rate  of  two  vestibulospinal 
neurons  located  in  the  rostroventral  (A)  and  dorsocaudal  (B)  part  of  the  LVN  during 
sinusoidal  rotation  at  0.026  Hz,  5°  of  body  alone  (neck  input),  of  both  head  and  body 
(macular  input),  and  of  head  alone  (neck  +  macular  inputs).  Five  sweeps  were  accumu¬ 
lated  for  each  record  (128  bins,  0.6-second  bin  width).  The  lowest  traces  signal  the  direction 
and  amplitude  of  displacement  of  the  neck  and/or  head  during  the  different  experimental 
conditions.  A:  the  unit  response  to  neck  input  (upper  record)  was  negligible  (coherence 
coefficient,  0.60).  The  response  to  macular  input  (middle  record)  had  a  sensitivity  of  8.0  and 
a  phase  lag  of  -163.0°,  and  that  to  combined  neck  and  macular  inputs  had  a  sensitivity  of 
6.7  and  a  phase  lag  of  -158.3°.  These  responses  to  successive  cycles  were  highly  coherent 
(0.992  and  0.999,  respectively).  B:  the  unit  response  to  macular  input  (middle  record)  was 
negligible  (coherence  coefficient,  0.42).  The  response  to  neck  input  (upper  record)  had  a 
sensitivity  of  2.2  and  a  phase  lag  of  -92.0°  and  was  comparable  to  the  response  to  both  neck 
and  macular  inputs,  which  had  a  sensitivity  of  1.43  and  a  phase  lag  of  -89.4°.  These 
responses  to  successive  cycles  were  highly  coherent  (0.970  and  0.960,  respectively).  The 
mean  discharge  rate  of  unit  A  was  14.8  impulses/second,  and  that  of  unit  B  was  56.3 
impulses/second,  and  both  remained  constant  throughout  the  experiment. 
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employed  for  both  populations  of  units,  again  indicating  that  the  unit  response  is 
the  result  of  a  predictable  integration  of  the  two  inputs  regardless  of  the 
particular  dynamics  of  each  frequency  response. 


Discussion 

At  maximum  angular  accelerations  of  animal  tilt  employed  here,  i.e.,  less  than 
or  equal  to  0.26° /second2,  the  responses  of  LVN  neurons  can  be  attributed  in 
large  part  to  stimulation  of  macular  vestibular  receptors38  (cf.,  Reference  30).  The 
unit  responses  elicited  during  neck  rotation  can  be  considered  the  result  of 
stimulation  of  deep  neck  receptors,  i.e.,  joint  and/or  muscle  spindle  receptors 
related  to  atlanto-occipital  and  atlantoaxial  membranes  innervated  from  dorsal 
root  ganglia  Ct-C2, 24,31  in  the  absence  of  inputs  from  the  labyrinth  or  skin  of  neck 
(cf.,  Reference  4).  Our  experimental  paradigm  to  elicit  the  neck  input  should  not 
be  confused  with  that  employed  by  others  who  used  entire  neck  rotation,  thereby 
permitting  larger  amplitudes  of  displacement.11 

A  main  result  of  the  present  study  is  the  demonstration  that  a  large  proportion 
of  LVN  neurons  in  the  presence  or  absence  of  the  paleocerebellum  responded 
with  a  periodic  modulation  of  their  firing  rates  to  both  types  of  tests,  whereas 
fewer  units  responded  to  the  macular  or  neck  input  alone.  Therefore,  selective 
elaboration  either  of  the  macular  input  or,  to  a  lesser  extent,  neck  input  is  rather 
uncommon  in  the  investigated  area.  Further,  unit  responses  to  combined  stimula¬ 
tion  of  both  types  of  receptors  elicited  during  head  rotation  closely  corresponded 
to  those  obtained  by  vectorial  summation  of  the  individual  neck  and  macular 
responses.  This  additive  mode  of  interaction  of  inputs  was  observed  in  both 
divisions  of  the  LVN  in  the  two  different  preparations.^  However,  the  possibility 
that  a  multiplicative  process  may  occur  under  parameters  of  neck-vestibular 
stimulation  different  from  those  employed  here  cannot  be  excluded  by  our 
experiments.28 


Sensitivity  of  LVN  Unit  Responses  to  Macular  and  Neck  Stimulation 

A  major  finding  emerges  when  the  response  sensitivity  of  LVN  neurons  to 
individual  macular  and  neck  stimulation  is  compared  across  the  two  prepara¬ 
tions  used  in  the  present  experiments.  Not  surprising,  the  sensitivity  of  LVN 
neurons  to  the  macular  input  was  unmodified  following  partial  cerebellectomy, 
since  primary  vestibular  afferents  innervating  the  macular  receptors  impinge 
monosynaptically  but  also  disynaptically  on  LVN  neurons  (cf..  Reference  43).  On 
the  other  hand,  the  sensitivity  of  LVN  units  to  neck  stimulation  was  reduced 
significantly  by  one-half  following  partial  cerebellectomy.  This  finding  can  be 
attributed  to  the  fact  that  the  neck  input  is  not  transmitted  directly  to  the  LVN,  as 
described  for  the  macular  signal,  but  by  way  of  both  reticular  (cf.,  Reference  5) 
and  cerebellar  (cf..  Reference  6)  structures. 

Regional  differences  of  unit  responses  to  both  stimuli  were  found  within  the 
rostroventral  (cLVN)  and  dorsocaudal  (1LVN)  aspects  of  Deiters’  nucleus,  which 
are  known  to  project  to  cervical  and  lumbosacral  segments  of  the  spinal  cord, 
respectively.28  A  comparison  of  unit  responses  in  these  divisions  may  help  us  to 
understand  the  role  of  LVN  in  the  tonic  labyrinth  and  neck  reflexes  acting  on 


$A  similar  vectorial  addition  of  separate  responses  of  vestibular  nuclear  neurons  to 
ampullar  and  visual  inputs  recently  has  been  reported.’8 
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neck  and  limb  extensors  in  decerebrate  cats.71819,22'24'32'41'42  As  expected,  the 
proportion  of  units  responsive  to  the  macular  input  and  their  sensitivity  were 
greater  in  the  cLVN  than  in  the  1LVN  in  both  preparations  (see  Table  1,  cf.. 
References  3  and  27),  since  the  former  division  represents  the  primary  site  of 
termination  of  first-order  afferents  from  macular  receptors  (cf.,  Reference  43).  A 
similar  observation  concerning  the  proportion  of  responding  units  also  was  found 
for  the  neck  input  in  preparations  with  intact  cerebellum.  These  findings  may 
explain  why  tonic  labyrinth  and  neck  reflexes  are  more  effective  on  neck  and 
forelimb  extensor  muscles  than  on  hindlimb  extensors. 

Although  the  two  inputs  were  particularly  effective  on  the  cLVN,  their 
relative  distribution,  as  evaluated  from  the  ratio  SN/SM,  was  not  comparable  for 
cLVN  and  1LVN  neurons  receiving  a  convergent  input  from  both  sources.  Our 
findings  indicate  that  the  macular  input  has  a  relatively  greater  influence  on  the 
cLVN,  whereas  the  neck  input,  due  to  a  dramatic  reduction  of  the  macular  signal, 
has  a  predominant  influence  on  the  1LVN. 


Phase  Relation  of  LVN  Unit  Responses  to  Macular  and  Neck  Stimulation 

The  majority  of  LVN  units  were  excited  preferentially  by  the  direction  of 
animal  or  neck  orientation  in  both  preparations.  In  preparations  with  intact 
cerebellum,  the  majority  of  unit  responses  were  characterized  by  excitation 
during  side-down  tilt  of  animal  and  side-up  neck  rotation.  These  unit  responses, 
which  were  approximately  out  of  phase  ( A<t>  >  90°),  are  appropriate  for  the 
observed  asymmetric  changes  in  postural  activity  of  fore-  and  hindlimb  muscles 
during  the  tonic  labyrinth  and  neck  reflexes.  Since  the  LVN  exerts  an  excitatory 
influence  on  ipsilateral  extensor  motoneurons21  (cf.,  References  28  and  43),  unit 
responses  in  this  nucleus  may  explain  why  side-down  tilt  produces  contraction  of 
ipsilateral  and  relaxation  of  contralateral  limb  extensors19  (cf.,  however.  Refer¬ 
ence  37)  whereas  side-down  neck  rotation  produces  the  opposite  posture.71922'24 
The  persistence  of  a  residual  response  of  LVN  units  during  combined  macular 
and  neck  stimulation  appears  in  contrast  with  the  observation  that  in  decerebrate 
animals  changes  in  head  position  leave  the  status  of  the  limbs  unmodified32  (cf., 
also.  References  1  and  10).  From  our  experiments,  the  cancelation  of  a  unit 
response  during  head  rotation  in  the  LVN  could  occur  only  if  both  afferent 
signals  were  of  equal  magnitude  and  180°  out  of  phase.  Although  this  was 
observed  in  isolated  instances,  the  majority  of  unit  responses  to  the  two  inputs 
were  neither  of  equal  magnitude  nor  perfectly  out  of  phase.  Therefore,  a  final 
integration  of  both  inputs  leading  to  resolution  of  the  conflicting  influences 
probably  occurs  at  segmental  levels  in  the  spinal  cord. 

The  functional  significance  of  LVN  units  showing  parallel  responses  to 
macular  and  neck  stimulation  (A <f>  <  90°)  would  be  better  understood  if  a  more 
detailed  knowledge  of  the  muscle  field(s)  under  the  control  of  individual  LVN 
units  were  available.  It  is  tempting  to  suggest  that  these  units  intervene  in 
synergistic  influences  of  both  macular  and  neck  receptors  on  some  limited  groups 
of  motoneurons  controlling  neck,  axial,  and/or  limb  muscles.  Unfortunately,  the 
exact  projection  of  these  neurons  to  the  spinal  cord  is  not  known,  nor  are  the 
muscle  fields  under  their  control. 

Major  changes  in  phase  angle  distribution  were  observed  following  partial 
cerebellectomy.  These  differences  were  confined  mainly  to  the  dorsocaudal 
(1LVN)  aspect  of  Deiters'  nucleus  (see  Table  1)  concerning  macular  responses, 
but  were  most  evident  in  units  located  in  the  rostroventral  (cLVN)  aspects  of 
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Deiters'  nucleus  concerning  neck  responses.  Both  these  findings  may  explain 
why  the  reciprocal  arrangement  of  macular  and  neck  responses  is  reduced  in  this 
preparation.  Opposite  patterns  of  responses  to  individual  macular  and  neck 
inputs  were  recorded  from  Purkinje  (P)  cells  of  the  cerebellar  vermis  projecting 
to  the  LVN  as  well  as  from  the  fastigial  nucleus,8  9  3839  i.e.,  from  that  corticonu¬ 
clear  region  destroyed  in  the  present  experiments,  indicating  that  cerebellar 
processing  may  participate  in  the  production  of  reciprocal  changes  in  firing  rate 
of  LVN  neurons  for  the  same  direction  of  animal  or  neck  rotation.  Vectorial 
addition  also  was  observed  during  combined  receptor  activation  in  these  P-cells 
and  fastigial  neurons.  Indeed,  the  anatomical  integrity  of  the  cerebellum  is 
important  to  produce  reciprocal  responses  of  LVN  neurons  and  forelimb  muscles 
during  vestibular  stimulation.21420 

In  conclusion,  the  present  findings  indicate  that  interaction  of  both  macular 
and  neck  inputs  fulfills  the  requirements  of  linear  summation  and  the  recorded 
units  are  capable  of  monitoring  the  absolute  position  of  head  and  body  in  space 
and  relative  to  each  other.  The  anatomical  integrity  of  the  cerebellum  is  not 
essential  for  this  additive  mode  of  interaction  of  inputs,  but  has  an  important 
influence  on  the  phase  relation  and/or  sensitivity  of  LVN  unit  responses  during 
macular  or  neck  stimulation  and  may  have  a  regulating  action  on  the  limb 
musculature  during  the  tonic  labyrinth  and  neck  reflexes.  In  this  context,  the 
design  of  additional  experiments  to  study  the  gain  and  phase  adjustments  exerted 
by  cerebellar  structures  on  postural  mechanisms  offers  new  possibilities  of 
extending  our  observations. 


Summary 

1.  The  role  of  the  paleocerebellum  in  determining  the  responses  of  lateral 
vestibular  nucleus  (LVN)  neurons  either  to  independent  or  combined  stimulation 
of  macular  vestibular  and  neck  receptors  has  been  investigated  in  decerebrate 
cats.  Sinusoidal  rotation  around  the  longitudinal  axis  at  0.026  Hz,  5-10°,  repre¬ 
sented  the  constant  input  parameters.  Among  the  tested  neurons,  100  and  131 
units  were  recorded  in  animals  with  intact  cerebellum  and  following  partial 
cerebellectomy,  respectively.  The  units  were  classified  according  to  their 
anatomical  location  in  either  the  rostroventral  (cLVN)  or  dorsocaudal  (1LVN)  part 
of  the  LVN;  units  also  were  activated  antidromically  from  the  spinal  cord. 

2.  The  majority  of  units  responded  to  stimulation  of  macular  receptors  both  in 
preparations  with  intact  cerebellum  (75.0%)  or  with  partial  cerebellectomy 
(71.8%),  the  response  being  primarily  in  phase  with  the  direction  of  animal 
orientation.  The  proportion  of  responding  units  and  their  response  sensitivity 
were  greater  in  the  cLVN  than  1LVN  in  each  preparation;  no  significant 
differences  in  mean  firing  rate  and  response  sensitivity  were  observed  between 
the  two  preparations  for  each  subdivision  of  the  LVN.  In  animals  with  cerebel¬ 
lum  intact,  the  majority  of  cLVN  and  1LVN  units  were  excited  during  side-down 
tilt;  following  partial  cerebellectomy,  this  predominant  response  pattern  still  was 
present  in  cLVN  but  was  reversed  in  1LVN. 

3.  About  one-half  of  the  units  responded  to  sinusoidal  stimulation  of  neck 
receptors  in  both  preparations,  the  response  being  mainly  in  phase  with  the 
direction  of  neck  orientation.  In  the  intact  cerebellum  preparations,  the  propor¬ 
tion  of  cLVN  units  responding  to  neck  rotation  was  greater  than  that  of  ILVN 
units,  but  no  difference  in  response  sensitivity  was  observed  between  these  units. 
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Following  partial  cerebellectomy,  the  proportion  of  cLVN  units  responsive  to  the 
neck  input  was  reduced  but  that  of  1LVN  units  was  not;  however,  the  average 
response  sensitivity  was  halved  for  both  cLVN  and  1LVN  units.  In  preparations 
with  cerebellum  intact,  most  of  the  cLVN  units  were  excited  during  side-down 
neck  rotation,  whereas  1LVN  units  were  excited  mainly  by  rotation  in  the 
opposite  sense;  following  partial  cerebellectomy,  the  majority  of  units  were 
excited  during  side-up  neck  rotation,  not  only  in  1LVN  but  also  in  cLVN. 

4.  Units  receiving  a  convergent  input  from  both  receptors  were  more  numer¬ 
ous  in  cLVN  (72.7%)  than  1LVN  (41.8%)  in  preparations  with  intact  cerebellum; 
following  partial  cerebellectomy,  this  disproportion  of  responsive  units  in  the  two 
divisions  (45.3%  and  44.9%,  respectively)  disappeared,  due  to  a  reduced  number 
of  cLVN  units  responding  to  the  neck  input.  In  both  preparations,  the  macular 
input  had  a  relatively  greater  influence  on  the  cLVN  whereas  the  neck  input  was 
more  effective  on  the  1LVN. 

5.  The  unit  responses  to  head  rotation  leading  to  combined  stimulation  of 
macular  and  neck  receptors  agreed  with  those  predicted  on  the  basis  of  vectorial 
summation  of  the  individual  neck  and  macular  responses.  This  was  observed  in 
cLVN  and  1LVN  units  in  both  preparations.  This  additive  mode  of  interaction 
also  was  observed  over  the  frequency  domain,  despite  the  particular  dynamics  of 
each  frequency  response. 

6.  The  results  are  reviewed  in  terms  of  the  role  that  the  LVN  exerts  in 
postural  regulation.  The  influence  of  the  cerebellum  in  the  gain  regulation 
and/or  phase  adjustment  of  LVN  unit  responses  to  macular  and  neck  inputs  is 
also  discussed. 
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Activation  of  semicircular  canal  receptors  leads  to  reflex  movements  of  the 
eye,  head,  and  body.  The  functional  role  of  the  vestibulo-ocular  reflex  (VOR)— 
stabilization  of  the  position  of  the  eyes  in  space — is  well  established,  and  the 
dynamics  of  the  reflex  have  been  studied  extensively  d2  Extraocular  motoneuron 
discharge,  relative  to  eye  position,  behaves  as  a  first-order  lead  signal,  i.e.,  it  is  in 
phase  with  head  angular  velocity  at  higher  frequencies.  Such  motoneuron 
behavior  compensates  for  the  predominantly  viscous  load  of  the  eye.  As  a  result, 
the  vestibulo-ocular  reflex  produces  compensatory  eye  movements  over  a  wide 
frequency  range  even  though  it  appears  to  operate  essentially  open  loop,  without 
feedback.  Much  less  is  known  about  the  vestibulocollic  reflex  (VCR),  whose 
dynamics  have  been  studied  only  in  the  open-loop  mode  (i.e.,  whole-body 
rotations  with  the  head  immobilized)  and  over  a  restricted  frequency  range. 
Outerbridge  and  Melvill  Jones  have  suggested  that,  functioning  in  its  normal 
closed-loop  mode  (head  free  to  counterrotate  in  response  to  whole-body  rota¬ 
tions),  the  VCR  acts  to  stabilize  the  position  of  the  head  in  space  during  rotation 
of  the  body.3  Another  reflex  that  also  is  involved  in  head  stabilization,  although 
not  of  vestibular  origin,  is  the  cervicocollic  reflex,  or  CCR.  This  reflex  is  evoked 
by  activity  of  receptors  in  neck  muscles  or  joints,  which  occurs  when  the  head  is 
rotated  with  respect  to  the  body. 

The  goal  of  this  paper  is  to  describe  in  some  detail  the  dynamics  of  the 
horizontal  VCR  and  CCR  and  the  interaction  of  the  two  reflexes,  and  to  discuss 
their  functional  role. 


Vestibulocollic  Reflex 

The  horizontal  VCR  has  been  studied  previously  in  decerebrate  cats  where  it 
was  evoked  by  sinusoidal  horizontal  rotation  limited  to  frequencies  below  1  Hz.3 
(This  limitation  is  a  serious  drawback  since  head  movements  of  normal  cats  have 
frequency  components  of  significant  amplitude  to  frequencies  of  6.5-7  Hz.)56 
Results  of  experiments,  conducted  in  the  open-loop  mode,  showed  that  reflex 
motor  output  lags  input  acceleration  by  150°  in  the  midfrequency  range  near  0.1 
Hz,  and  that  above  this  frequency  a  phase  lead  develops.4  7  Frequencies  above  1 
Hz  have  been  studied  recently  in  experiments  in  which  the  stimulus  consisted  of 
sinusoidal  polarization  of  canal  afferents.8  Results  showed  that  the  central 
pathways  of  the  horizontal  VCR  introduced  a  first-order  lag  at  low  frequencies 
and  a  first-order  lead  at  high  frequencies.  The  time  constant  of  the  latter  was 
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estimated  to  be  0.1  second.  We  now  have  studied  the  properties  of  the  VCR  with 
natural  stimulation  over  an  extended  frequency  range  and  compared  them  with 
properties  of  the  VOR. 

Experiments  were  performed  on  precollicular  decerebrate  cats  prepared  for 
recording  of  the  bitemporal  electro-oculogram  (EOG),  for  bipolar  recording  of 
electromyographic  (EMG)  signals  from  various  neck  muscles,  and  for  extracellu¬ 
lar  recording  from  identified  abducens  motoneurons.  The  animal’s  body  was 
secured  firmly  to  a  rotating  turntable  with  squeeze  plates  and  a  clamp  attached  to 
the  first  thoracic  vertebra.  Its  head  was  attached  to  the  turntable  by  a  head  holder 
that  permitted  rotation  of  the  head  about  a  vertical  axis  passing  through  the  C,-C2 
joint.  Servomotors  under  computer  control  were  used  to  produce  rotation  of  the 
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Figure  1.  Frequency  response  of  splenius  muscle  (open  circles)  and  abducens  motoneu¬ 
ron  (filled  circles)  activity  recorded  simultaneously  during  horizontal  angular  rotation  of 
the  whole  animal.  The  peak  angular  acceleration  of  the  body  produced  by  the  composite 
stimulus  waveform  (a  sum  of  10  sinusoids  with  frequencies  ranging  from  0.046  to  3.2  Hz) 
was  approximately  720°/second2.  In  this  and  subsequent  figures,  the  muscle  g8in  repre¬ 
sents  the  percent  modulation  of  EMG  activity  per  degree/second2  and  the  phase  is 
calculated  in  reference  to  the  peak  counterclockwise  angular  acceleration  of  the  body. 
Gains  were  normalized  (0  dB)  relative  to  the  gain  of  each  response  at  0.77  Hz.  Motoneuron 
gain  was  computed  as  spikes/second  per  degree/second2. 
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body  or  head  about  this  axis.  Rotational  angle  was  modulated  either  as  a  single 
sinusoid  at  frequencies  between  0.01  and  5  Hz  or  as  a  sum  of  8-10  sinusoids 
spanning  the  same  frequency  range.  The  computer  that  generated  the  rotational 
stimuli  also  recorded  rectified  EMG  activity  of  several  dorsal  neck  muscles, 
abducens  motoneuron  discharge,  horizontal  EOG,  horizontal  head  torque,  and 
angular  position  of  the  turntable  and  head.  Analysis  procedures  described  in 
Wilson  et  al.  and  Peterson  et  al.  were  used  to  compute  the  amplitude  and  phase 
of  modulation  of  the  above  signals  at  each  of  the  component  frequencies  in  the 
stimulus  waveform  as  well  as  estimates  of  harmonic  distortion  and  signal- 
to-noise  ratio.6-9  In  the  recordings  of  CCR  and  VCR  responses  described  below, 
harmonic  distortion  typically  was  less  than  30%,  signal-to-noise  ratio  greater  than 
2:1.  Phase  and  gain  (response  amplitude/stimulus  amplitude)  of  the  responses 
did  not  vary  with  stimulus  intensity,  indicating  that  the  reflex  systems  behaved 
linearly. 

One  of  the  Bode  plots  in  Figure  1  (open  circles)  shows  the  response  of  the 
splenius  muscle  to  a  stimulus  consisting  of  10  superimposed  sine  waves  with  a 
maximum  frequency  of  3.2  Hz.  As  in  the  results  of  Ezure  and  Sasaki,4  there  is  a 
phase  lag  with  respect  to  angular  acceleration,  of  about  150°  at  0.1  Hz.  Below  this 
frequency,  the  phase  lag  decreases  because  of  the  relatively  short  time  constant 
of  central  integration  in  this  experimental  animal.  Above  this  frequency,  the 
phase  lag  decreases  to  about  50°  at  3.2  Hz.  Gain  drops  at  the  rate  of  8-10 
dB/octave  in  the  low-frequency  range  and  considerably  less  steeply  above  1  Hz. 
These  properties  approach  the  behavior  of  a  second-order  lag-lead  system.  At  0.1 
Hz,  the  input  acceleration  has  been  integrated  nearly  twice  (i.e.,  a  phase  lag  of 
180°)  to  provide  a  motor  output  approximately  in  phase  with  position.  At  3.2  Hz, 
the  output  leads  angular  velocity  by  about  40°  (or,  as  shown  in  Figure  1,  lags 
angular  acceleration  by  about  50°)  and  appears  to  be  approaching  a  phase  of  0° 
with  respect  to  angular  acceleration. 

The  filled  symbols  show  the  behavior  of  a  typical  abducens  motoneuron 
recorded  simultaneously  with  the  neck  muscle  EMG  activity.  The  90°  phase  lag 
of  abducens  discharge  at  0.1  Hz  is  comparable  to  the  data  of  Shinoda  and 
Yoshida.2  As  with  the  VCR,  the  integration  of  the  signal  with  respect  to  head 
angular  acceleration  is  poor  at  low  frequencies.  Above  0.1  Hz,  abducens 
discharge  lags  acceleration  by  approximately  90°,  i.e.,  it  remains  approximately 
in  phase  with  angular  velocity.  At  high  frequencies,  abducens  discharge  lags 
considerably  behind  the  neck  EMG,  behaving  as  a  first-order  lead  signal  with 
respect  to  horizontal  eye  position.1  Corresponding  to  this  first-order  phase 
characteristic,  the  gain  has  a  slope  of  about  7  dB/octave  over  the  whole 
frequency  range. 


Role  of  the  Medial  Longitudinal  Fasciculus  in  the  Vestibulocollic  Reflex 

The  horizontal  canal  signal  responsible  for  the  VCR  is  relayed  by  second- 
order  neurons  in  the  vestibular  nuclei,  and  some  of  these  project  directly  to  neck 
motoneurons.10  The  physiological  function  of  these  second-order  fibers,  which 
are  known  to  exert  an  excitatory  and  inhibitory  influence  on  motoneurons 
responsible  for  contraction  of  neck  muscles,"  remains  to  be  determined.  Tran¬ 
section  of  the  medial  longitudinal  fasciculus  (MLF)  does  not  change  the  dynamic 
properties  of  the  reflex  evoked  by  natural  stimulation  at  frequencies  up  to  0.4  Hz 
or  the  properties  of  the  central  pathways  activated  by  sinusoidal  polarization  at 
frequencies  up  to  6  Hz.612  In  the  present  experiments  we  have  studied  the  effect 
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Figure  2.  Phase  and  gain  response  of  the  splenius  muscle  during  the  horizontal 
vestibulocollic  reflex  before  (open  circles)  and  after  (filled  circles)  transection  of  the  MLF. 
The  peak  angular  acceleration  of  the  body  produced  by  the  composite  stimulus  waveform 
(a  sum  of  10  sinusoids  with  frequencies  ranging  from  0.185  to  4.1  Hz)  was  approximately 
810°/second2. 

of  MLF  transection  on  behavior  of  the  reflex  evoked  by  sinusoidal  rotation  at 
frequencies  ranging  from  0.5  to  4  Hz. 

Figure  2  illustrates  the  results  of  one  experiment.  In  this  case,  neither  phase 
nor  gain  at  any  frequency  is  affected  by  the  lesion.  This  lack  of  change  in  phase  is 
typical  of  the  data  from  five  cats.  In  three  animals,  the  lesion  produced  a  uniform 
drop  in  gain  at  all  frequencies,  which  could  be  due  to  the  trauma  of  the  lesion  or 
to  a  specific  effect  of  MLF  interruption.  In  two  experiments,  the  gain  of  the  VCR 
dropped  while  that  of  the  VOR  remained  unchanged,  while  the  opposite  result 
has  not  been  obtained.  This  selective  effect  suggests  that  the  drop  in  gain  that  is 
seen  is  not  entirely  due  to  trauma  and  that  the  descending  pathways  in  or  near 
the  MLF,  including  the  second-order  pathway,  contribute  to  the  horizontal  VCR. 


Cervicocollic  Reflex 

The  presence  of  a  CCR  was  demonstrated  in  a  behavioral  context  by  Bizzi  et 
al.,13  but  the  dynamic  properties  of  this  reflex  have  not  been  investigated.  We 
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now  have  studied  the  dynamic  properties  of  the  CCR  and  compared  them  to 
those  of  the  VCR.  The  dots  in  Figure  3  show  the  response  of  the  complexus 
muscle  to  a  stimulus  consisting  of  rotation  of  the  body  in  the  horizontal  plane 
about  the  C,-C2  joint  with  the  head  held  fixed  in  space.  Superimposed  sine 
waves  ranging  in  frequency  from  about  0.1  to  5  Hz  were  used.  The  response  is 
very  similar  to  the  VCR  response  illustrated  in  Figure  1,  and  suggests  that  the 
CCR  also  can  be  considered  to  be  a  second-order  lag-lead  system.  The  solid  lines 
in  the  figure  indicate  that  the  data  in  fact  can  be  approximated  closely  by  the 
response  of  the  second-order  lag-lead  system  whose  equation  is  given  in  the 
figure. 

To  compare  the  gains  of  horizontal  CCR  and  VCR  in  the  same  animal,  we 
compared  the  percent  modulation  of  EMG  activity  in  several  different  neck 
muscles  when  the  cat  was  subjected  to  identical  sinusoidal  rotation  (a)  of  the 
whole  body  (VCR)  or  (b)  of  the  body  with  the  head  fixed  in  space  (CCR).  In  this 
way,  13  pairs  of  matched  VCR  and  CCR  gains  were  obtained  from  five  cats 
(one-four  neck  muscles  sampled  per  cat).  The  ratio  of  CCR  gain  to  VCR  gain  in 
these  13  cases  ranged  from  0.4  to  3.1  with  a  median  of  1.2.  In  over  half  the  cases, 
the  range  was  from  0.8  to  1.8.  Therefore  the  gains  of  these  two  reflexes  do  not 
differ  greatly  in  these  preparations. 


Figure  3.  Frequency  response  to  complexus  muscle  during  the  horizontal  cervicocollic 
reflex.  Dots  refer  to  the  actual  data  points,  while  solid  lines  illustrate  the  phase  and  gain 
response  of  the  above  second-order  transfer  function.  The  peak  angular  acceleration  of  the 
body  (head  fixed  in  space)  rotating  about  the  C,-C2  joint  produced  by  the  composite 
stimulus  waveform  (a  sum  of  nine  sinusoids  with  frequencies  ranging  from  0.115  to  5  Hz) 
was  approximately  l,043°/second*. 
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Figure  4.  Interaction  of  the  horizontal  vestibulocollic  and  cervicocollic  reflexes 
produced  by  0.2  Hz  sinusoidal  rotation  with  an  amplitude  of  16°.  Part  A  shows  the  reflex 
response  during  combined  activation  of  vestibular  and  neck  afferents  produced  by  forced 
rotation  of  the  head  while  the  body  remained  stationary  in  space.  The  head  (HAD)  and  the 
neck  (NAD)  angular  deviations  are  identical  in  this  case.  The  response  of  the  right  splenius 
muscle  is  shown  by  its  rectified  EMG  activity  together  with  the  best-fitting  sinusoid  at  the 
fundamental  frequency  (EMG-DR).  Part  B  indicates  the  response  (EMG-FX)  obtained 
during  whole-body  rotation  (i.e.,  activation  of  vestibular  receptors),  and  part  C  the  response 
(EMG-HFS)  obtained  during  rotation  of  the  body  about  the  C,-C2  joint  while  the  head 
remained  fixed  in  space  (HFS,  activation  of  neck  afferents).  In  part  D,  the  EMG  response  of 
the  splenius  muscle,  during  three  different  paradigms  (DR,  FX,  HFS),  and  the  stimulus  are 
plotted  as  vectors  in  polar  coordinates  (solid  lines).  Each  vector  length  represents  the 
amplitude  of  EMG  modulation,  and  the  polar  angle  denotes  the  phase  of  this  modulation 
measured  with  respect  to  the  peak  rightward  deviation  of  the  turntable.  The  dotted  line 
vector  (EST-VN)  represents  the  sum  of  the  EMG-FX  and  EMG-HFS  vectors,  which  closely 
approximates  the  EMG-DR  vector  obtained  during  the  experiment  in  part  A.  (From 
Reference  14  with  permission  of  Elsevier/North  Holland  Biomedical  Press.) 


Interaction  of  Vestibulocollic  Reflex  and  Cervicocollic  Reflex 

Because  normal  head  movements  must  activate  both  the  VCR  and  CCR,  it  is 
of  considerable  interest  to  determine  how  these  two  reflexes  interact.  Part  A  of 
Figure  4  shows  the  EMG  response  to  forced  rotation  of  the  head  on  a  stationary 
body,  a  stimulus  that  elicits  the  two  reflexes  in  combination.  The  reflexes  are 
studied  individually  in  parts  B  (whole-body  rotation,  VCR)  and  C  (rotation  of 
body  with  head  fixed  in  space,  CCR),  The  diagram  in  part  D  shows  that  vectorial 
addition  of  the  VCR  (EMG-FX)  and  CCR  (EMG-HFS)  components  yields  an 
estimated  combined  response  (EST-VN)  that  closely  approximates  the  response 
to  forced  head  rotation  (EMG-DR).  From  this  we  conclude  that  the  two  reflexes 
add  linearly  to  reinforce  each  other  during  such  a  movement.  It  must  be  kept  in 
mind  that  in  the  closed-loop  situation,  i.e.,  during  body  rotation  with  the  head 
free  to  move,  the  two  reflexes  would  oppose  each  other:  compensatory  head 
rotation  evoked  by  the  VCR  will  evoke  a  CCR  acting  in  the  opposite  direction.  In 
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measurements  in  the  same  decerebrate  cat  preparation,  we  showed  that  as  a 
result  of  this  effect  the  total  compensatory  head  movement  never  exceeded 
one-third  of  the  applied  body  rotation.14 


Comment 

An  important  finding  in  our  recent  work  is  that,  while  they  originate  in 
different  receptors,  the  two  major  reflexes  elicited  by  angular  rotation  of  the 
head  (the  CCR  and  VCR)  have  similar  dynamics  over  a  broad  frequency  range. 
The  most  striking  aspect  of  this  similarity  is  the  second-order  phase  advance  and 
gain  increase  that  are  seen  at  higher  frequencies.  This  high-frequency  behavior 
is  qualitatively  different  from  that  of  the  VOR,  which  behaves  as  a  first-order 
system.1,415  Just  as  the  first-order  behavior  of  the  VOR  is  appropriate  to  overcome 
the  viscoelastic  load  imposed  by  extraocular  mechanics,1  the  second-order  signal 
observed  on  neck  motoneurons  during  the  CCR  and  VCR  would  be  appropriate 
to  control  the  predominantly  inertial  load  imposed  by  the  mechanics  of  the 
head-neck  system.  In  other  words,  it  appears  that  the  central  output  of  both  the 
VCR  and  CCR  is  adapted  to  the  load  that  these  reflexes  normally  encounter. 

At  what  stage  in  the  vestibulomotor  pathways  are  the  differences  we  have 
observed  between  vestibulocollic  and  vestibulo-ocular  signals  likely  to  develop? 
The  similarity  of  responses  of  all  second-order  vestibular  neurons  in  decerebrate 
cats  to  sinusoidally  modulated  semicircular  canal  input  (including  second-order 
neurons  that  do  and  do  not  project  to  the  spinal  cord)5  suggests  that  the  difference 
must  arise  at  the  level  of  higher  order  premotor  neurons  in  the  brain  stem  or 
spinal  cord.  The  existence  of  reticulospinal  neurons  carrying  both  the  low- 
frequency  phase-lagging  and  high-frequency  phase-leading  portions  of  the  VCR 
signal"  indicates  that  the  signal  transformations  required  in  the  VCR  pathway 
may  occur  in  premotor  centers  within  the  brain  stem.  It  also  is  conceivable  that 
the  signal  carried  to  the  spinal  cord  by  the  extensive  second-order  projections10  is 
transformed  at  the  level  of  spinal  intemeurons  to  provide  appropriate  input  to 
motoneurons.  In  any  case  our  observation  that  the  dynamic  behavior  of  the  VCR 
is  not  altered  by  MLF  lesions  that  interrupt  the  axons  of  all  second-order  neurons 
of  the  horizontal  VCR  system  indicates  that  direct  pathways,  while  they  may 
contribute  to  the  VCR,  are  not  required. 

A  final  question  to  be  raised  concerns  the  functional  roles  of  the  CCR  and 
VCR.  The  action  of  these  reflexes  will  be  considered  under  three  situations:  (1) 
where  external  forces  tend  to  change  the  intended  position  of  the  head;  (2)  where 
the  body  undergoes  angular  rotation,  thus  requiring  counterrotation  of  head  and 
eyes  to  maintain  gaze  stability;  and  (3)  where  the  animal  must  maintain  head 
stability  on  a  stationary  body. 

Bizzi  et  al.  studied  the  CCR  in  isolation  in  labyrinthectomized  monkeys  and 
concluded  that  this  reflex  is  too  weak  to  provide  effective  compensation  for 
external  loads  applied  during  active  head  movements.13  Our  data  do  not  bear 
directly  on  the  gain  of  the  CCR  in  a  behavioral  context,  but  they  do  indicate  that 
the  CCR  and  VCR  have  equivalent  gains  over  a  broad  frequency  range  in  the 
decerebrate  cat.  If  the  gains  also  are  equal  in  alert  animals,  this  would  suggest 
that  neither  the  CCR  nor  the  VCR  is  able  to  provide  effective  compensation  for 
external  forces  applied  to  the  head. 

As  mentioned  above,  because  the  VCR  opposes  rotation  of  the  head  in  space 
while  the  CCR  opposes  rotation  of  the  head  with  respect  to  the  body,  the  two 
reflexes  tend  to  oppose  one  another  in  the  closed-loop  situation  in  which  the 
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body  is  subjected  to  rotation  resulting  in  a  counterrotation  of  the  head.  Thus 
unless  the  CCR  is  suppressed  during  such  rotation,  the  VCR,  impeded  by  the 
CCR,  would  not  be  effective  in  compensating  for  angular  movement  of  the  body. 
The  possibility  that  the  gain  of  the  VCR  may  exceed  greatly  that  of  the  CCR 
under  appropriate  conditions  is  suggested  by  Outerbridge  and  Melvill  {ones’ 
observation  that  some  human  subjects  can  produce  rotations  of  the  head  that 
effectively  compensate  for  low-frequency  sinusoidal  oscillation  of  the  body.3 

In  situations  where  their  gains  are  equivalent,  the  two  reflexes  would 
function  most  effectively  to  counter  or  to  damp  out  rotations  of  the  head  on  the 
stationary  body.  Under  such  conditions,  the  second-order  dynamics  of  the  two 
reflexes  should  give  them  the  capability  of  effectively  damping  potential  oscilla¬ 
tions  due  to  the  inertial  component  of  the  load  imposed  by  the  head-neck 
system. 

Further  quantitative  studies  of  the  gains  and  dynamics  of  the  CCR  and  VCR 
are  required  to  clarify  their  functional  role  in  the  three  situations  discussed 
above. 


References 

1.  Skavenski,  A.  A.  &  D.  A.  Robinson.  1973.  Role  of  abducens  neurons  in  vestibuloocular 

reflex.  J.  Neurophysiol.  36:  724-238. 

2.  Shinoda,  Y.  &  K.  Yoshida.  1974.  Dynamic  characteristics  of  responses  to  horizontal 

head  angular  acceleration  in  vestibuloocular  pathway  in  the  cat.  J.  Neurophysiol. 
37: 653-673. 

3.  Outerbridge,  J.  A.  &  G.  Melvill  Jones.  1971.  Reflex  vestibular  control  of  head 

movements  in  man.  Aerosp.  Med.  42: 935-940. 

4.  Ezure,  K.  &  S.  Sasaki.  1978.  Frequency-response  analysis  of  vestibular  induced  neck 

reflex  in  cat.  I.  Characteristics  of  neural  transmission  from  horizontal  semicircular 
canal  to  neck  motoneurons.  J.  Neurophysiol.  41:  445-458. 

5.  Watt,  D.  G.  D.  &  M.  C.  Wetzel.  1977.  Linear  head  movements  of  walking  and  trotting 

cats.  Neurosci.  Abstr.  3: 280. 

6.  Donaghy.  M.  1980.  The  cat's  vestibulo-ocular  reflex.  J.  Physiol.  300: 337-351. 

7.  Berthoz,  A.  &  J.  H.  Anderson.  1971.  Frequency  analysis  of  vestibular  influence  on 

extensor  motoneurons.  I.  Response  to  tilt  in  forelimb  extensors.  Brain  Res.  34: 370- 
375. 

8.  Wilson.  V.  J.,  B.  W.  Peterson,  K.  Fukushima,  N.  Hirai  &  Y.  Uchino.  1979.  Analysis  of 

vestibulocollic  reflexes  by  sinusoidal  polarization  of  vestibular  afferent  fibers.  J. 
Neurophysiol.  42(2):  331-346. 

9.  Peterson,  B.  W„  K.  Fukushima,  N.  Hirai,  R.  H.  Schor  &  V.  J.  Wilson.  1980. 

Responses  of  vestibulospinal  and  recticulospinal  neurons  to  sinusoidal  vestibular 
stimulation.  J.  Neurophysiol.  43: 1236-1250. 

10.  Wilson,  V.  J.  &  G.  Melvill  Jones.  1979.  Mammalian  Vestibular  Physiology.  Plenum 

Press.  New  York,  N.Y. 

11.  Wilson,  V.  J.  &  M.  Maeda.  1974.  Connections  between  semicircular  canals  and  neck 

motoneurons  in  the  cat.  J.  Neurophysiol.  37: 346-357. 

12.  Ezure,  K„  S.  Sasaki,  Y.  Uchino  &  V.  J.  Wilson.  1978.  Frequency-response  analysis  of 

vestibular  induced  neck  reflex  in  cat.  II.  Functional  signflcance  of  cervical  afferents 
and  polysynaptic  descending  pathways.  J.  Neurophysiol.  41: 459-471. 

13.  Bizzi,  E.,  P.  Dev,  P.  Morasso  &  A.  Pout.  1978.  Effect  of  load  disturbances  during 

centrally  initiated  movements.  J.  Neurophysiol.  41(3):  542-556. 

14.  Peterson,  B.  W„  G.  Bilotto,  J.  H.  Fuller,  J.  Goldberg  &  B.  Leeman.  Interaction  of 

vestibular  and  neck  reflexes  in  the  control  of  gaze.  Prog.  Oculomotor  Res.  (In  press.) 

15.  Honrubia,  V.,  D.  B.  Reincold,  C.  G.  Y.  Lau  &  P.  H.  Ward.  1979.  Neural  correlates  of 

nystagmus  in  abducens  nerve.  [.  Neurophysiol.  42: 1282-1290. 


EARLY  DIRECTIONAL  INFLUENCE  OF  VISUAL 
MOTION  CUES  ON  POSTURAL  CONTROL 
IN  THE  FALLING  MONKEY* 
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Laboratory  of  Psychophysiology 
University  of  Aix-Marseille  l 
13397  Marseille  Cedex  13,  France 


Introduction 

The  sudden  change  in  acceleration  that  occurs  at  the  onset  of  a  free-fall 
produces  muscular  responses  in  many  muscles  throughout  the  body.  Early 
electromyographic  (EMG]  responses  develop  in  the  feet  extensor  muscles,  with 
latencies  of  about  75-80  mseconds  in  man,  55  mseconds  in  the  cat,  and  30 
mseconds  in  the  monkey.7*1320  Many  authors  reported  that  the  early  muscle 
responses  were  not  modified  by  blindfolding  or  when  subjects  fell  in  total 
darkness.  They  took  these  results  as  an  argument  against  the  role  of  vision  in  the 
genesis  of  these  postural  reactions.  Because  these  reactions  were  found  in 
extensor  as  well  as  flexor  muscles  and  disappeared  in  man  when  the  subject 
triggered  the  fall  himself,  they  were  interpreted  as  a  startle  reaction  of  vestibular 
origin.  A  different  explanation  was  proposed  by  Melvill  Jones  and  Watt,  Watt, 
and  our  group.*9'1320  On  the  basis  that  totally  labyrinthectomized  animals  or  only 
“plugged”  semicircular  canal  preparations  did  not  exhibit  such  reactions  to  fall,  it 
was  assumed  that  the  reactions  represent  an  otolith-originating  reflex  assisting 
landing. 

However,  we  have  demonstrated  that  stabilization  of  the  visual  surround  with 
respect  to  the  monkey’s  head  produces  a  strong  motor  depression.17  This  experi¬ 
mental  condition  suppresses  all  visual  motion  cues.  By  contrast,  only  a  slight 
motor  reduction  was  recorded  in  total  darkness.17  These  results  confirmed 
previous  findings  in  man  and  supported  the  initial  suggestion  of  Nashner  and 
Berthoz  that  vision  intervenes  at  an  early  stage  in  postural  control.1518  The 
dramatically  enhanced  effect  of  visual  stabilization  in  labyrinthectomized 
monkeys  agrees  also  with  this  view.10 

In  this  paper  we  report  the  main  findings  of  recent  experiments  that  consisted 
of  a  study  of  the  dynamics  of  visual  and  vestibular  control  of  rapid  postural 
reactions  in  the  intact  falling  monkey.11  These  experiments  were  performed  by 
modifying  the  amplitude  of  the  acceleration  of  fall  and  by  changing  the  speed 
and  the  direction  of  the  visual  surround  relative  to  the  monkey’s  head. 


Methods 

Preparation 

Experiments  were  performed  on  six  baboons  (4-8  kg).  Chronic  EMG  record¬ 
ing  electrodes  were  implanted  bilaterally  in  head  extensor  and  lateral  flexor 

*This  work  was  supported  by  ERA  272  CNRS  and  CRL  806007  6  INSERM. 
fLaboratoire  de  Physiologic  du  Travail  du  CNRS,  Department  de  Physiologie  Neurosen- 
sorielle.  Centre  Universitaire  des  Cordeliers,  Paris,  France. 
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muscles  (splenius  capitis)  and  in  distal  extensor  (soleus)  and  flexor  (tibialis 
anterior)  muscles.  The  techniques  are  described  fully  in  Lacour  et  ai.s” 


Free-Fall  Device 

The  monkey  was  seated  in  a  chair  (see  Figure  1A)  maintained  in  the  initial 
position  by  two  electromagnets  and  suddenly  dropped  0.9  m.  The  end  of  the  fall 
was  slowed  by  an  elastic  system.  The  chair  was  guided  by  two  vertical  rails  so 
that  the  vertical  axis  was  parallel  to  the  head-trunk  axis  of  the  monkey.  For 
recordings,  the  monkey’s  hindlimbs  were  fixed  in  a  standard  position  and  his 


A 


B(nvi  C(svi 


8.8m /sec2 


4.4m /sec2 


Figure  1.  A-C:  Experimental  setup  and  typical  muscle  responses  to  fall.  A:  Experimental 
setup  (see  text).  Five  conditions  of  visual  surround  are  used:  (a)  the  images  remain 
stationary  on  the  screen  (NV);  (b)  the  visual  scene  moves  upward  with  a  velocity  0.6,  0.75, 1, 
1.5,  or  3  times  the  velocity  of  the  falling  monkey  (EV):  (c)  the  visual  scene  moves  downward 
with  a  velocity  0.6  or  0.75  times  the  one  of  the  falling  monkey  (RV):  (d)  the  visual  scene 
moves  downward  with  the  same  velocity  as  that  of  the  falling  monkey  (SV);  and  (e)  total 
darkness.  B:  Three  superimposed  raw  EMG  recordings  from  the  splenius  capitis  during 
falls  with  normal  vision  (NV)  at  8.8  m/second2,  4.4  m/second2,  and  2.2  m/second2.  C:  Three 
superimposed  raw  EMG  recordings  from  the  same  muscle,  in  the  same  monkey,  during 
falls  with  visual  stabilization  (SV)  at  the  same  rates  of  acceleration.  Note  the  reduction  in 
energy  as  the  acceleration  decreases,  and  the  motor  depression  in  the  SV  condition. 


head  was  restrained,  allowing  only  a  few  degrees  of  head  movement  in  each 
direction. 

Five  maximum  peak  accelerations  were  used  (8.8  m/second2,  6.6  m/second2, 
4.4  m/second2,  3.3  m/second2,  and  2.2  m/second2),  corresponding  for  the  highest 
and  the  lowest  to  a  duration  of  fall  of  452  mseconds  and  904  mseconds. 
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respectively.  The  vertical  acceleration  was  recorded  by  an  accelerometer  placed 
on  the  chair. 


Visual  Environment  during  Falls 

A  V-shaped  stationary  retroprojection  screen,  folded  in  a  90°  angle,  was 
placed  in  front  of  the  monkey  in  order  to  occlude  all  his  visual  field  (cf..  Figure 
1A  and  Reference  10).  A  film,  consisting  of  a  random  black  and  white  pattern, 
was  projected  onto  the  screen.  The  film  motion  in  the  projector  was  commanded 
by  a  servo-controlled  system,  which  received  the  integrated  output  of  the 
accelerometer.  This  velocity  signal  could  be  multiplied,  divided,  and/or 
inversed.  A  photoelectric  cell  measured  the  speed  of  the  pattern  on  the  screen. 
Using  this  device,  the  baboon  was  submitted  to  five  types  of  visual  surroundings, 
all  occurring  in  a  random  order: 

1.  Normal  vision  (NV).  The  images  remain  stationary  on  the  screen.  Velocity 
of  the  falling  monkey  is  at  any  moment  equal  and  opposite  to  the  relative  velocity 
of  the  visual  scene. 

2.  Enhanced  vision  (EV).  The  film  motion  is  directed  upward  with  a  speed  at 
any  moment  equal  to  0.6,  0.75,  1,  1.5,  or  3  times  the  velocity  of  the  falling 
monkey. 

3.  Reduced  vision  (RV).  The  film  motion  is  directed  downward  with  a  speed 
equal  to  0.6  or  0.75  times  the  velocity  of  the  falling  monkey. 

4.  Stabilized  vision  (SV).  The  film  motion  again  is  directed  downward  but 
with  the  same  speed  as  that  of  the  monkey.  In  this  case,  the  visual  motion  cues  are 
suppressed  totally.  This  condition  represents  the  limit  case  of  the  RV  condition. 
We  also  used  speeds  of  the  film  that  were  1.5  and  3  times  greater  than  the  velocity 
of  the  monkey.  In  these  situations,  as  the  monkey  falls  down,  the  visual  scene 
motion  is  similar  to  the  one  that  would  be  produced  by  upward  motion  of  the 
chair. 

5.  Total  darkness  (D).  The  monkey's  head  is  covered  by  a  box,  and  the 
experiments  are  done  in  total  darkness. 


Data  Processing 

The  latency  and  energy  (surface  of  the  integrated  EMG)  of  the  muscular 
responses  developed  in  the  20-  to  120-msecond  interval  after  release  of  fall  were 
stored  by  a  T  1600  computer.  The  energy  recorded  in  the  EV,  RV,  SV,  and  D 
conditions  was  expressed  in  a  Z  score  relative  to  the  mean  value  recorded  in  the 
NV  condition,  i.e.,  to  a  value  normalized  to  zero.  This  statistical  evaluation  was 
done  for  each  pair  of  muscles  and  for  each  acceleration  of  fall.  The  confidence 
intervals  were  calculated  with  p  <  0.01.  In  Figure  3,  we  have  calculated  the 
relative  velocity  of  the  visual  surround  by  adding  (EV  condition)  or  by  subtracting 
(RV  or  SV  conditions)  the  absolute  velocity  of  the  visual  scene  on  the  screen  from 
the  normal  relative  velocity  of  the  visual  scene  during  normal  vision.  The  relative 
velocities  resulting  from  the  visual  manipulations  were  expressed  in  proportion 
to  the  relative  velocity  in  the  NV  condition. 
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Table  1 

Latency  of  the  Splenius  Muscle  Responses  during  Falls* 


Visual 

Conditionf 

Acceleration 
^^of  Fall 

8.8  m/sec2 

4.4  m/sec2 

2.2  m/sec2 

NV 

22.5  ±  1.2 

26  ±  2.5 

29  ±  2.3 

D 

28  ±  1.4 

32  ±  1.7 

34  ±  3.3 

SV 

32  ±  1.9 

32  ±  2.1 

49  ±  3.8 

*In  milliseconds  ±  standard  deviation. 

fNV,  normal  vision;  D,  total  darkness;  SV,  stabilized  vision. 


Results 

The  present  results  show  that  the  early  motor  reactions  to  fall  are  modified 
either  by  reducing  the  amplitude  of  acceleration  (the  visual  surround  remaining 
normal)  or  by  changing  the  relative  velocity  of  the  visual  surround  (for  a  given 
acceleration). 


Muscle  Responses  in  Normal  Vision:  Effect s  of  Reducing  the 
Acceleration  of  Fall 

Bilateral  and  symmetrical  modifications  occur  in  all  tested  muscles  when  the 
acceleration  is  reduced.  The  most  important  effects  are  observed  in  the  neck 
muscles  and  in  the  distal  extensor  muscles.  These  modifications  consist  first  of  a 
progressive  increase  in  the  latency  of  the  EMG  response  as  the  acceleration 
decreases.  Table  1  presents  these  results  concerning  the  splenius  muscle. 
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Figure  2.  Influence  of  the  amplitude  of  the  acceleration  and  of  the  visual  conditions  on 
the  energy  of  the  early  EMG  responses.  Mean  values  (three  normal  baboons)  recorded  from 
splenius.  soleus,  and  tibialis  anterior  muscles.  On  the  abscissa:  value  of  the  acceleration  in 
m/second2.  On  the  ordinates:  energy  of  the  muscular  response  expressed  as  the  Z  score 
relative  to  the  energy  recorded  at  8.8  m/second2  in  normal  vision  (values  normalized  to 
zero).  EMG  activities  are  recorded  during  falls  in  normal  vision  (dots),  in  total  darkness 
(filled  triangles),  and  with  visual  stabilization  (open  triangles).  Each  point  is  represented 
with  its  1%  confidence  interval. 
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Second,  the  duration  of  the  motor  reactions  is  not  altered  significantly,  but  the 
energy  decreases  progressively  as  acceleration  is  reduced,  as  already  shown  in 
man.6  Three  superimposed  raw  EMG  recordings  from  the  splenius  for  three 
consecutive  falls  in  one  monkey  are  illustrated  for  the  three  main  peaks  of 
acceleration  (8.8  m/second2,  4.4  m/second2,  2.2  m/second2}  in  Figure  IB.  The 
statistical  evaluation  is  presented  in  Figure  2.  One  can  observe  that  the  decrease 
in  the  muscular  energy  follows  an  almost  linear  function  from  8.8  m/second2  to 
2.2  m/second2,  and  that  the  slope  of  the  curves  is  more  accentuated  in  the 
splenius  and  soleus  muscles  than  in  the  tibialis  anterior  muscles. 


Muscle  Responses  during  Visual  Manipulations 
Results  in  Total  Darkness  (D) 

We  confirm  our  previous  findings  concerning  falls  at  8.8  m/second2,17  and  we 
extend  these  conclusions  to  falls  at  lower  accelerations.  In  total  darkness,  the 
motor  reactions  show  two  modifications  when  compared  to  those  recorded  in 
normal  vision.  The  latency  is  slightly  enhanced  whatever  the  acceleration  of  fall 
(cf..  Table  1),  and  the  energy  is  slightly,  but  significantly,  reduced.  In  all  tested 
muscles,  the  reduction  of  the  muscular  energy  as  the  acceleration  decreases  is 
closely  parallel  to  that  recorded  in  normal  vision  (cf..  Figure  2).  This  suggests  that 
the  reduction  observed  in  total  darkness  is  not  dependent  on  the  amplitude  of 
acceleration  or  on  the  amount  of  energy  recorded  in  the  NV  condition. 


Results  with  Visual  Stabilization  (SV) 

In  this  situation,  all  visual  motion  cues  are  suppressed  but  the  static  visual 
input  relative  to  position  remains.  The  effects  of  visual  stabilization,  however,  are 
strongly  accentuated  when  compared  to  the  slight  modification  recorded  in  total 
darkness.  The  latency  is  considerably  longer,  and  especially  so  during  falls  at  low 
acceleration  (cf..  Table  1).  The  energy  is  depressed  strongly  in  the  splenius  and 
soleus  muscles,  with  the  most  important  effects  occurring  again  during  falls  at 
low  acceleration  (cf..  Figure  1C).  With  acceleration  at  2.2  m/second2,  a  total 
motor  suppression  sometimes  is  observed.  The  reduction  of  the  EMG  energy  (cf., 
Figure  2)  is  parallel  to  that  recorded  in  the  NV  and  D  conditions  from  8.8 
m/second2  to  3.3  m/second2  peak  accelerations.  There  is  a  sudden  drop  for  the 
lowest  acceleration  (2.2  m/second2),  indicating  that  the  visual  motion  cues 
intervene  predominantly  during  slow  falls. 


Results  with  Enhanced  (EV)  or  Reduced  (RVj  Visual  Input 

We  found  a  visually  induced  modulation  of  the  early  muscular  responses. 
This  effect  is  predominant  for  falls  at  low  accelerations  and  for  the  splenius  and 
soleus  muscles.  Figure  3  presents  results  from  the  splenius  and  soleus  muscles 
for  the  highest  (8.8  m/second2)  and  lowest  (2.2  m/second2)  peak  accelerations.  For 
high  accelerations,  the  muscular  energy  recorded  in  the  RV  condition  progres¬ 
sively  decreases  as  the  relative  speed  of  the  visual  scene  is  reduced,  with  a 
maximal  reduction  in  the  SV  condition.  The  EMG  responses  recorded  in  the  EV 
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Figure  3.  Directional  influence  of  visual  motion  cues  on  the  energy  of  the  early  EMG 
responses.  Mean  values  (three  normal  baboons)  recorded  from  splenius  and  soleus  muscles 
during  falls  at  8.8  m/second2  (thin  line,  dots)  or  2.2  m/second2  (thick  line,  circles).  On  the 
abscissae:  relative  velocity  of  the  visual  surround  (see  techniques).  Values  between  0  (SV 
condition)  and  1  (NV  condition)  represent  the  RV  condition  (reduced  visual  input).  Values 
above  1  correspond  to  the  EV  condition  (enhanced  visual  input).  On  the  ordinates:  energy 
of  the  EMG  response  expressed  as  the  Z  score  relative  to  the  energy  recorded  in  normal 
vision  (values  normalized  to  zero).  Note  the  progressive  increase  in  the  energy  as  the 
relative  velocity  of  the  visual  scene  increases,  in  the  range  0-2  NV. 


condition  are  not  modified  when  compared  to  the  control  (energy  in  the  NV 
condition).  For  falls  at  low  acceleration,  the  motor  reduction  observed  in  the  RV 
condition  is  significantly  greater  and  is  again  maximal  when  all  visual  motion 
cues  are  suppressed  (SV).  By  contrast  with  higher  accelerations,  the  EV  condition 
produces  a  strong  increase  of  the  muscular  energy.  This  effect  saturates  at  about  a 
relative  velocity  of  the  visual  scene  twice  the  normal  relative  velocity.  In 
conclusion,  in  the  range  0-2  NV,  the  modulation  is  proportional  to  the  relative 
speed  of  the  visual  surround.  Above  the  value  2  NV,  the  EMG  energy  is 
comparable  to  the  control.  Under  the  value  0  NV,  the  EMG  energy  is  either 
paradoxically  increased  (low  acceleration)  or  close  to  the  control  (high  accelera¬ 
tion). 


Discussion 


The  present  report  indicates  that  the  early  motor  reactions  to  fall  are  heavily 
dependent  on  the  amplitude  of  acceleration  and,  therefore,  probably  on  the 
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vestibular  input.  These  early  muscle  responses  can  be  modulated  visually.  The 
visual  modulations  are  direction  specific,  a  function  of  the  relative  speed  of  the 
visual  scene,  and  dependent  on  the  amplitude  of  acceleration.  Taking  into 
consideration  that  the  responses  do  not  habituate  with  the  repetition  of  falls,  and 
that  changing  the  acceleration  or  manipulating  the  visual  surround  modifies  the 
muscle  responses,  it  is  concluded  that  these  early  motor  reactions  cannot  be 
compared  to  a  startle  reaction.  Instead  we  propose  that  the  rapid  postural 
reactions  to  fall  constitute  a  reflexively  triggered  landing  preparation  that  would 
be  efficient  functionally  when  the  height  of  fall  is  short.  Visual  and  vestibular 
cues  interact  in  the  elaboration  of  these  postural  reactions.  The  vestibular  input 
would  dominate  the  response  at  high  accelerations,  the  visual  one  at  low 
accelerations. 

A  first  paradox  arises  when  one  considers  the  different  effects  produced  by 
the  total  suppression  of  both  static  and  dynamic  visual  cues  (total  darkness)  and 
by  the  simple  suppression  of  the  visual  motion  cues  (visual  stabilization).  The 
more  drastic  modifications  are  found  when  the  visual  scene  is  stabilized  with 
respect  to  the  monkey's  head.  The  fact  that  the  early  role  of  vision  in  postural 
control  was  underestimated  is  due  for  us  to  the  fact  that  darkness  or  blindfolding 
really  does  not  test  the  role  of  vision,  but  only  the  successful  capacity  of  the 
animal  to  compensate  for  an  expected  lack  of  visual  cues.  A  modification  of  the 
gain  of  the  reflex  pathways  or  a  change  in  the  state  of  alertness  of  the  monkey 
may  constitute  such  a  supplying  mechanism.  The  visual  stabilization  method 
escapes  this  criticism.  Indeed,  we  recorded  similar  motor  reactions  when  stabiliz¬ 
ing  the  visual  scene,  by  using  either  the  box  covering  the  monkey’s  head,  the  film 
motion  technique,  or  the  stroboscopic  light."17  These  paradigms  exclude  a 
presetting  of  the  gain  of  the  reflex  pathways  and  the  expectation  of  the  depriva¬ 
tion  of  visual  cues.  Therefore  it  is  concluded  that  visual  motion  cues  are  crucial 
information  for  rapid  postural  control.  The  motor  reductions  observed  with  the 
visual  stabilization  method  would  result  from  an  intersensory  conflict:  the 
otoliths  detecting  a  downward  vertical  acceleration  while  the  peripheral  retina 
does  not  signal  any  movement.  This  conflict  theory  is  proposed  to  explain  the 
well-known  vection  phenomena,  such  as  linear  vection.1 12 

A  second  paradox  arises  when  one  considers  the  dynamic  characteristics  of 
the  otolith  system.  The  otoliths  have  a  very  low  threshold  (<0.005  g)  and  provide 
good  directional  information,  as  shown  by  Fernandez  and  Goldberg  in  primary 
vestibular  afferents  and  by  Daunton  and  Melvill  Jones  in  vestibular  second- 
order  neural  units.35  But  a  certain  ambiguity  exists  between  measurements  of 
gravity  and  linear  acceleration.  It  thus  may  be  hypothesized  that  visual  motion 
cues  contribute  to  distinguishing  between  a  translational  movement  relative  to 
the  inertial  space  and  a  position  relative  to  the  gravitational  vertical.  It  might  be 
the  reason  why  Melvill  Jones  and  Young  found  that  human  subjects  remained 
confused  about  the  direction  of  movement  during  low  vertical  accelerations  in 
the  absence  of  vision.14 

Various  structures  within  the  central  nervous  system  receive  visual,  vestibu¬ 
lar,  and  somatic  inputs.  Among  them,  the  vestibular  nuclei  have  been  extensively 
studied.  Daunton  and  Thomsen  demonstrated  visual-vestibular  interactions  in 
otolith-dependent  units  at  the  vestibular  nuclei  level.4  Seventy  six  percent  of  the 
units  that  responded  to  a  linear  acceleration  also  were  activated  by  a  large  visual 
stimulus  moving  linearly  in  the  opposite  direction.  Waespe  and  Henn  have 
recorded  canal-dependent  units  in  the  vestibular  nuclei  in  the  alert  monkey 
during  conflicting  visual-vestibular  stimulation.”  Their  experimental  paradigm 
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in  fact  is  equivalent  to  our  visual  stabilization  condition.  They  found  a  reduction 
of  the  neuronal  discharge  that  could  be  the  neural  correlate  of  the  reduction  in 
the  EMG  energy  that  occurs  in  the  falling  monkey  during  visual  stabilization. 
Recent  observations  by  Thoden  et  al.  pointed  to  a  direction-specific  modulation 
of  spinal  reflexes  in  cat  that  is  opposite  for  optokinetic  and  vestibular  stimuli.16 
These  different  experimental  results  suggest  that  visual-vestibular  interactions 
underlying  our  results  may  take  place  in  the  vestibular  nuclei.  Our  data  in 
hemilabyrinthectomized  monkeys  also  support  this  view.10  However,  it  is  well 
known  that  the  visual  effects  in  the  vestibular  nucleus  are  observed  mainly  for 
low-frequency  stimulation  and  have  a  long  time  constant.  This  apparently  is  not 
the  case  in  the  parietal  cortex  (area  2v)  of  the  monkey,  which  receives  visual  and 
vestibular  inputs.2  Visual-vestibular  interactions  in  the  superior  colliculus  and 
the  pontine  reticular  formation  also  may  be  of  functional  importance  for  postural 
control  in  the  falling  baboon. 
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Introduction 

In  adults,  bilateral  dysfunction  of  the  vestibular  labyrinths  may  be  manifested 
by  unsteadiness,  but  loss  of  postural  control  is  rare  so  long  as  visual  cues  are 
available.  In  infants  and  children  with  hypoactive  labyrinths,  however,  loss  of 
postural  control  is  much  more  common  and  development  of  gross  motor  function 
is  delayed.1,2  These  children  do  catch  up  with  normals  because  proprioceptive, 
visual,  and  motor  systems  compensate  for  the  deficit,  but  the  length  of  the  delay 
in  acquiring  normal  gross  motor  skills  is  a  controversial  issue. 

Many  authors  have  pointed  out  that  vestibular  impairment  most  likely  is  to  be 
found  in  children  with  severe  or  profound  hearing  loss  since  the  vestibular  end 
organ  and  cochlea  are  closely  related  in  their  anatomy  and  ontogeny  and  may  be 
affected  by  the  same  developmental  or  noxious  factors.1 3-7  Those  deaf  infants 
and  children  who  do  have  an  accompanying  vestibular  dysfunction  are  reported 
to  be  delayed  in  acquisition  of  head  control,  sitting,  and  walking.1 2  These  reports, 
however,  have  lacked  data  about  the  vestibular  responses  of  normal  control 
groups  of  the  same  age  range.  Although  the  vestibular  end  organ  apparently  is 
fully  mature  at  birth,  myelination  within  the  central  nervous  system  continues  for 
some  time,  so  that  the  vestibular  reflexes  of  infants  may  not  be  comparable  to 
those  of  adults.88  For  this  reason,  it  is  particularly  important  in  the  evaluation  of 
young  deaf  patients  that  their  vestibular  function  is  judged  with  reference  to  that 
of  their  age-mates. 

Several  kinds  of  rotation  tests,  such  as  Barany’s  method,  the  subthreshold 
rotation  test,  and  the  torsion  swing  test,  have  been  used  to  elicit  vestibular 
responses  in  infants  and  children,  perrotatory  and  postrotatory  nystagmus  being 
measured  as  an  index  of  maturation  of  the  vestibular  system.10'14  The  primary 
result  of  these  studies  has  been  that  the  duration  of  nystagmus  and  the  number  of 
beats  increase  with  increasing  age.  These  rotation  tests  stimulate  both  labyrinths, 
but  Eviatar  employed  caloric  stimulation  of  each  labyrinth  separately  and  found 
that  vestibular  responses  matured  over  time,  with  patterns  that  correlate  with 
gestational  age  and  weight  at  birth.13 

The  present  investigation  had  as  its  primary  objective  the  longitudinal  study 
of  patients  with  congenital  hearing  impairment  and  delayed  acquisition  of  gross 
motor  function.  To  accomplish  this,  we  first  obtained  quantitive  data  on  the 
development  of  these  skills  in  normal  infants  and  children,  along  with  measures 
of  the  maturation  of  their  vestibular  responses  to  the  damped-rotation  test.  We 
then  compared  these  data  with  those  of  congenitally  deaf  children,  relating 
degree  of  vestibular  impairment  to  delay  in  reaching  milestones  of  gross  motor 
development. 

‘Present  affiliation:  Children's  Hospital  of  Philadelphia,  Philadelphia,  Pa.  19104. 
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Methods 

Subjects 

In  the  control  group  were  30  infants  in  the  first  year  of  life,  30  children  one  to 
six  years  of  age,  and  10  adults.  All  the  children  were  examined  by  pediatricians, 
with  special  attention  to  neurological  status,  and  were  considered  to  have  no 
abnormalities.  Their  hearing  was  determined  to  be  normal  on  the  basis  of 
auditory  brain-stem  responses  or  behavioral-observation,  conditioned-orienting- 
reflex,  or  pure-tone  audiometry.15 

The  hearing-impaired  group  included  14  infants  less  than  one  year  old,  21 
children  one  year  old,  and  33  children  two  to  five  years  of  age,  all  of  whom  were 
being  followed  in  our  clinic,  which  is  devoted  to  speech  and  hearing  disorders  in 
children.  These  patients  had  been  evaluated  by  brain-stem  responses  or  condi- 
tioned-orienting-reflex  audiometry,  and  only  those  whose  thresholds  were  above 
85  dB  were  selected  for  this  study.  All  have  received  extensive  diagnostic  and 
rehabilitation  evaluations,  and  any  children  identified  as  having  central  nervous 
system  impairment — mental  retardation  or  cerebral  palsy,  for  instance — were 
excluded  from  this  study. 


Procedure 

Vestibular  responses  were  assessed  by  means  of  the  damped-rotation  test. 
Electrodes  were  applied  just  lateral  to  the  eyes  to  record  horizontal  eye 
movements,  and  the  subject  was  seated  in  a  rotating  chair  or,  in  the  case  of 
infants,  held  on  the  mother's  lap.  The  chair  then  was  accelerated  to  a  maximum 
rotational  velocity  of  200°/second,  maximum  acceleration  being  300°/second2. 
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Figure  1.  Typical  recording  of  perrotatory  and  postrotatory  nystagmus  of  normal  adult, 
in  response  to  clockwise  damped  rotation.  A:  Time  scale  (one  division  per  second).  B: 
Angular  displacement  of  eyes  (time  constant,  0.3  second;  calibration  signal,  10°).  C: 
Rotational  velocity  of  eyes  (time  constant,  0.003  second,  calibration  signal,  20‘7second);  a, 
maximum  slow-phase  velocity  during  rotation;  b,  duration  of  perrotatory  nystagmus;  c, 
duration  of  postrotatory  nystagmus.  D:  Angular  velocity  of  rotating  chair;  d,  duration  of 
rotation. 
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Velocity  then  decayed  to  0°  over  a  period  of  20  seconds,  approximately  six 
revolutions.  The  test  was  performed  twice  for  clockwise  and  twice  for  counter¬ 
clockwise  rotation.  The  velocity-time  function  of  the  chair  is  shown  in  Figure  ID, 
along  with  the  response  of  a  normal  adult  (Figure  IB  and  C).  Responses  were 
recorded  according  to  duration  and  dumber  of  beats  of  perrotatory  nystagmus. 
These  measures  are  more  reliable  than  velocity  of  slow  phase,  since  young 
infants  and  deaf  children  cannot  cooperate  in  the  calibration  procedure  that  is 
required  for  accurate  velocity  measurements. 
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Ficure  2.  Examples  of  perrotatory  and  postrotatory  nystagmus  with  damped-rotation 
test,  recorded  from  normal  subjects  ranging  from  neonate  to  adult. 


Results 

Figure  2  shows  examples  of  perrotatory  and  postrotatory  nystagmus  elicited 
by  the  damped-rotation  test  from  subjects  ranging  from  a  neonate  to  an  adult.  In 
the  first  year  of  life,  the  number  of  beats  and  the  duration  of  perrotatory 
nystagmus  clearly  increase  with  age.  Postrotatory  nystagmus  is  more  variable  in 
this  period  because  body  movements  interfere  with  the  weak  responses  of 
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Figure  3.  Mean  number  of  beats  of  perrotatory  nystagmus  as  a  function  of  age.  Error 
bars  indicate  ±1  SD  for  each  age  group. 


infancy.  The  head  is  inclined  forward  at  30°  during  the  test,  and  infants  resist 
being  held  in  this  position  for  more  than  a  few  seconds. 

These  responses  suggest  that  number  of  beats  or  the  duration  of  perrotatory 
nystagmus,  rather  than  of  postrotatory  nystagmus,  may  be  an  appropriate  param¬ 
eter  for  evaluation  of  vestibular  ocular  reflexes  in  infants. 


Control  Group 

Figure  3  shows  the  relationship  between  mean  number  of  beats  of  per¬ 
rotatory  nystagmus  and  age;  error  bars  indicate  ±  one  standard  deviation  (SD). 
With  increase  in  age,  the  number  of  beats  increases,  the  mean  at  one  year  being 
approximately  twice  that  of  neonates  and  half  that  of  adults. 

The  relationship  between  the  duration  of  perrotatory  nystagmus  and  age 
appears  in  Figure  4.  The  duration  increases  with  age,  up  to  six  years.  The 
increase  is  especially  marked  during  the  first  year  of  life.  One-year-olds  have 


Figure  4.  Relation  between  mean  duration  of  perrotatory  nystagmus  and  age.  Error  bars 
indicate  ±1  SD. 
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Figure  5.  Number  of  beats  of  perrotatory  nystagmus  in  congenitally  hearing-impaired 
infants  and  children,  superimposed  on  the  data  of  normal  subjects  shown  in  Figure  3.  Each 
black  circle  indicates  one  case  at  the  indicated  age. 


scores  approximately  thrice  those  of  the  neonates,  but  the  difference  between 
one-year-olds  and  six-year-olds  is  very  small.  The  adults’  data  show  a  somewhat 
shorter  duration  and  a  narrow  standard  deviation. 


Congenitally  Hearing-Impaired  Group 

In  Figure  5,  the  number  of  beats  for  each  case  of  congenital  hearing 
impairment  is  indicated  by  a  black  circle  plotted  on  the  data  of  Figure  3.  Among 
the  hearing-impaired  group,  22  cases  (33%)  had  normal  responses,  38  cases  (57%) 
showed  hypoactive  responses  (more  than  1  SD  below  the  mean),  and  in  7  cases 
(10%)  responses  were  absent. 

In  Figure  6,  the  duration  of  perrotatory  nystagmus  of  each  case,  indicated  by 


Figure  6.  Duration  of  perrotatory  nystagmus  of  congenitally  hearing-impaired  infants 
and  children.  Each  black  circle,  superimposed  on  the  normal  duration-age  function, 
indicates  one  case  of  that  age. 
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a  black  circle,  is  plotted  on  the  normal  duration-age  function.  Forty-six  cases 
(69%)  fall  within  one  SD.  This  is  twice  as  many  as  were  within  the  normal  range 
on  the  measure  of  the  number  of  beats.  Therefore,  the  number  of  beats  was  used 
as  the  basis  for  classifying  the  cases  for  the  analysis  of  gross  motor  milestones. 

Table  1  shows  the  ages  at  development  of  head  control  and  at  initial  walk  for 
the  hearing-impaired  cases,  classified  according  to  vestibular  function,  along 
with  the  ages  of  the  control  group.  Vestibular  function  was  defined  as  normal, 
hypoactive,  or  absent  on  the  basis  of  the  number  of  beats  of  perrotatory 
nystagmus.  Hypoactivity  or  absence  of  vestibular  function  was  associated  with 
marked  delay;  in  the  present  series,  every  child  with  absent  function  was  late  in 
reaching  the  gross  motor  milestones,  as  were  most  but  not  all  of  the  children  with 
reduced  function. 

There  was  one  child,  excluded  from  Table  l,  who  still  does  not  walk  at  four 
years  of  age.  Head  control  in  this  case  began  at  four  months,  and  no  neurological 


Table  l 


Ace  at  Reaching  Cross  Motor  Milestones 


Diagnosis 

Head  Control  (month) 

First  Walk  (month) 

Auditory 

Vestibular 

n 

X 

X 

SD 

Range 

Normal 

Normal 

30 

3.4 

0.6 

3-3.8 

30 

12.4 

0.5 

11-12 

Impaired 

Normal 

22 

3.7 

1.5 

3-7 

18 

13.7 

2.8 

11-20 

Impaired 

Hypoactive 

38 

5.3 

2.2 

3-9 

29 

21.4 

6.5 

21-40 

Impaired 

Absent 

6 

7.3 

3.1 

6-12 

5 

25.6 

8.1 

18-41 

signs  had  been  found,  except  for  disequilibrium  and  hypotonus  of  the  legs.  The 
brain  computerized-tomography  (CT)  scans  (Figure  7)  show  marked  dilation  of 
the  lateral  and  third  ventricles.  In  this  case,  vestibular  dysfunction  and  intracra¬ 
nial  pathophysiology  both  may  contribute  to  this  remarkable  delay  in  walking. 


Discussion 

Our  data  provide  further  evidence  for  the  thesis  that  vestibular  dysfunction 
may  delay  the  achievement  of  head  control  and  independent  walking  in  infants. 
There  was  found  to  be  a  55%  incidence  of  hypoactivity  of  the  vestibulo-ocular 
reflex  among  children  with  congenital  hearing  impairment,  and  the  reflex  was 
absent  in  another  10%,  It  is  clear  that  impairment  or  absence  of  this  reflex  was 
associated  with  delay  of  gross  motor  landmarks  in  these  children  but  that  the 
children  were  able  to  acquire  these  skills  eventually,  provided  that  other 
functions  were  not  impaired  as  they  were  in  the  case  with  abnormal  CT-scan 
findings. 

Normally,  the  vestibulo-ocular  reflex  regulates  eye-head  coordination  of 
gaze,  while  the  vestibulospinal  reflex  helps  to  maintain  postural  control.16,17 
Therefore,  these  two  reflexes  are  important  for  the  development  of  balance  and 
locomotion.  It  follows  that  impairment  of  these  reflexes  in  infancy  may  lead  to 
delayed  achievement  of  gross  motor  milestones.  However,  the  delay  seems  to  be 
compensated  for  easily  by  plasticity  of  the  central  nervous  system  and  by 
development  of  proprioceptive,  visual,  and  motor  systems.  Compensation  in  later 
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childhood  is  quite  good,  so  that  special  tests  may  be  required  to  elicit  any 
abnormality  of  gait  due  to  vestibular  dysfunction.1 

If  the  prognosis  is  so  good  in  cases  of  vestibular  impairment,  one  may  wonder 
why  detection  of  the  problem  is  of  concern.  One  answer  is  that  delay  of  gross 
motor  landmarks  is  suggestive  of  a  variety  of  disabilities  having  less  favorable 
outcomes,  notably  cerebral  palsy,  mental  retardation,  and  minimal  brain 
dysfunction.1-2'1’  Failure  to  identify  correctly  a  peripheral  vestibular  lesion  may 
lead  to  increased  anxiety  on  the  part  of  the  parents,  or  even  to  a  misdiagnosis  of 
neurological  impairment.1,2  In  order  to  avoid  this  error  in  the  case  of  hearing- 
impaired  children  who  have  “floppy”  heads  or  who  are  late  walkers,  Rapin  has 
emphasized  that  all  deaf  children  should  undergo  vestibular  testing  as  a  part  of 
their  total  evaluation. 

For  this  purpose,  caloric  and  rotational  tests  of  various  kinds  have  been 
used.1®'14  The  caloric  test  permits  testing  of  each  labyrinth  separately,  but 
unilateral  lesions  are  not  a  great  handicap  as  far  as  gross  motor  development  is 
concerned  because  one  labyrinth  provides  sufficient  information  for  the  vestibu¬ 
lar  reflexes.  In  any  event,  it  is  difficult  to  obtain  children’s  cooperation  for  this 
test  and  to  observe  their  responses,  since  the  procedure  often  elicits  startle 
responses  or  crying.  The  rotational  tests  do  not  permit  independent  stimulation  of 
the  left  and  right  labyrinths,  but  they  are  more  practical  for  the  clinical  examina¬ 
tion  of  infants  and  children. 

Several  kinds  of  rotation  tests  have  been  applied  to  the  evaluation  of  infants 
and  children,  and  the  reports  of  these  tests  have  devoted  much  discussion  to  the 
various  measures  of  perrotatory  and  postrotatory  nystagmus  that  have  been 
considered  as  indices  of  vestibular  dysfunction.10'14  The  speed  of  the  slow 
component  is  regarded  as  the  best  measure  of  the  degree  of  vestibular  stimula¬ 
tion,  a  high  speed  being  considered  an  expression  of  high  peripheral  activity.19  In 
infants  and  children,  this  measure  is  more  precise  than  number  of  beats  or 
duration  according  to  Tibbling,  who  reports  that  the  latter  measures  correlate 
with  speed  and  amplitude  less  well  in  infants  than  in  adults.11  Tibbling  also 
found  the  amplitude  and  duration  measures  to  diverge  in  infancy;  the  responses 
tend  to  be  of  shorter  duration  but  higher  amplitude.  In  clinical  practice,  however, 
the  present  results  suggest  that  the  number  of  beats  of  the  perrotatory  nystagmus 
can  be  used  readily  as  an  indicator  of  vestibular  function  in  infancy.  This 
measure  appeared  to  discriminate  cases  of  hypofunction  from  those  of  hearing 
impairment  with  normal  vestibular  function,  and  has  a  practical  advantage  in 
that  amplitude  calibration,  a  difficult  or  impossible  task  with  infants,  need  not  be 
performed. 

The  systematic  increase  in  number  of  beats  and  duration  as  a  function  of  age 
suggests  also  that  rotation  tests  may  have  some  value  in  developmental  evalua¬ 
tions  of  children  who  have  normal  peripheral  function  but  who  are  at  risk  for 
central  nervous  system  involvement.  The  present  data  do  not  elucidate  the  basis 
for  the  maturational  changes  in  the  vestibulo-ocular  reflex,  but  we  may  speculate 
that  myelination  within  the  central  nervous  system,  which  continues  after  birth, 
may  play  an  important  role  by  enhancing  conduction  velocity. 

In  recent  years  we  have  seen  increased  recognition  of  the  need  for  early  and 
aggressive  habilitation  of  hearing-impaired  children.  Comprehensive  evalua¬ 
tions— including  but  not  limited  to  auditory,  neurological,  and  intellectual 
status— are  essential  to  the  implementation  of  an  individualized  treatment  plan. 
In  view  of  the  prevalence  of  vestibular  hypofunction  among  these  children  and 
its  impact  in  their  early  development,  we  concur  that  vestibular  assessment 
should  be  an  essential  part  of  this  evaluation. 
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Introduction 

A  mechanism  that  stores  activity  related  to  slow-phase  eye  velocity  plays  an 
important  role  in  producing  vestibular  nystagmus,  optokinetic  nystagmus  (OKN) 
and  visual-vestibular  interactions,1'2  This  mechanism  is  present  in  a  wide  range 
of  species  (see  Reference  3  for  review)  and  has  been  studied  extensively  in 
monkeys.  Stored  activity  promotes  ocular  following  during  OKN  and  is  responsi¬ 
ble  for  optokinetic  after-nystagmus  (OKAN).1  During  vestibular  nystagmus, 
stored  activity  lengthens  the  time  over  which  compensatory  eye  movements  are 
maintained.2,1  Modeling  of  the  vestibulo-ocular  reflex  (VOR)  has  shown  that  a 
single  storage  element  is  capable  of  mediating  these  responses  and  can  repro¬ 
duce  many  phenomena  of  visual-vestibular  interactions.2 

Manifestations  of  storeu  activity  also  are  found  in  neurons  in  the  vestibular 
nuclei  of  the  monkey.  Canal  afferents  in  the  vestibular  nerve  have  a  decay  time 
constant  of  about  5-6  seconds  after  pulses  of  acceleration.5  The  decay  time 
constant  of  neurons  in  the  vestibular  nuclei  always  is  longer  than  that  of  canal 
afferents,  usually  varying  between  10  and  30  seconds  depending  on  the  state  of 
habituation.87  These  same  central  neurons  also  are  activated  during  OKN  and 
OKAN.  This  demonstrates  stored  activity  in  firing  rates  of  vestibular  nuclei 
neurons  and  supports  the  theory  of  a  common  storage  element. 

While  this  storage  mechanism  has  been  studied  in  animals,  it  is  not  known 
whether  it  plays  a  role  in  generating  or  modulating  nystagmus  in  humans. 
Because  the  dominant  time  constant  of  the  cupula-endolymph  system  and  of 
activity  in  semicircular  canal  afferents  cannot  be  determined  directly  in  man, 
other  ways  have  to  be  found  to  demonstrate  the  presence  of  stored  activity  in  the 
oculomotor  response.  One  way  is  by  the  presence  of  OKAN.  OKAN  represents 
the  steady  discharge  of  activity  related  to  slovy-phase  velocity  stored  during 
exposure  to  a  moving  surround.18'12  Storage  of  activity  also  is  manifest  in 
visual-vestibular  interactions.  Mowrer  and  Ter  Braak  were  the  first  to  show  that 
postrotatory  nystagmus  is  weaker  after  rotation  in  light  than  in  darkness.  They 
inferred  that  OKAN  had  summated  with  the  vestibular  after-nystagmus  to  reduce 
or  abolish  it.  In  similar  experiments  on  humans,  after-nystagmus  was  reduced 
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after  rotation  in  light.16  The  purpose  of  this  study  was  to  determine  whether 
stored  activity  related  to  slow-phase  eye  velocity  is  present  in  humans  and 
whether  it  contributes  to  visual-vestibular  interactions. 


Methods 

Experiments  were  done  on  five  individuals  ranging  in  age  from  13  to  48.  Eye 
movements  were  recorded  with  electro-oculography  (EOG)  using  d.c.  coupling. 
The  recording  system  had  an  upper  bandpass  of  150  Hz.  Eye  movements  were 
calibrated  before  and  after  each  trial.  Horizontal  and  vertical  eye  movements 
were  recorded  on  paper  and  on  FM  magnetic  tape  along  with  slow-phase 
velocity  and  signals  representing  illumination,  table  position,  OKN  drum  velocity 
and  perceived  rotation.  Subjects  estimated  rotation  by  moving  a  handle  fixed  to 
the  shaft  of  a  potentiometer  that  was  part  of  a  bridge  circuit.  Each  complete 
revolution  of  the  handle  represented  360°  of  subjective  rotation.  This  is  desig¬ 
nated  in  the  figures  as  “rotation  sensation.” 

During  experiments,  subjects  sat  in  a  chair  on  a  rotating  platform.  The 
platform  was  situated  inside  a  rotating  optokinetic  drum  that  had  alternating  7.5° 
black  and  white  stripes.  The  drum  and  platform  could  be  rotated  together  or 
separately  by  servo-controlled  motors.  The  maximum  acceleration  of  the  plat¬ 
form  was  100°/second2.  The  platform  and  drum  could  be  coupled  mechanically 
to  provide  a  fixed  visual  field  during  rotation.  Steps  of  platform  velocity  in 
darkness  were  used  to  study  vestibular  nystagmus,  steps  of  surround  velocity  in 
light  were  given  to  study  OKN  and  OKAN,  and  subjects  were  rotated  in  an 
earth-stationary  lighted  surround  to  study  the  effects  of  visual-vestibular  interac¬ 
tions  on  per-  and  postrotatory  nystagmus.  After  each  of  these  stimuli,  the 
after-nystagmus  was  recorded  in  darkness.  To  test  for  effects  of  fixation  suppres¬ 
sion  of  nystagmus,  subjects  were  shown  a  stationary  surround  for  variable 
periods  of  time  during  postrotatory  nystagmus  or  OKAN,  and  the  recovery 
velocity  of  nystagmus  was  determined  after  they  were  put  back  into  darkness. 


Results 

Vestibular  nystagmus,  OKN,  and  OKAN  for  one  suoject  are  shown  in  Figure 
1.  During  vestibular  nystagmus  induced  by  a  step  in  velocity  in  darkness,  eye 
velocity  rose  to  a  maximum  value,  then  declined  slowly  over  a  period  of  45  to  75 
seconds  (Figure  1A).  There  usually  was  a  plateau  in  eye  velocity  at  the  onset  of 
the  per-  or  postrotatory  nystagmus  in  humans  as  in  the  monkey.2  During 
acceleration  in  darkness,  subjects  signaled  that  they  were  rotating.  During 
constant-velocity  rotation,  the  sensation  of  rotation  gradually  dissipated  and 
subjects  felt  that  they  were  stationary,  although  they  often  still  had  nystagmus 
(Figure  1A).  During  deceleration,  an  oppositely  directed  postrotatory  response 
was  elicited;  its  characteristics  were  similar  to  those  of  the  perrotatory  nystagmus. 
The  gain  of  vestibular  nystagmus  (peak  slow-phase  eye  velocity  /stimulus  veloci¬ 
ty)  varied  from  0.3-0. 7  in  the  five  individuals.  The  gain  of  the  subject  whose 
responses  are  shown  in  Figure  1  is  plotted  in  Figure  2A.  VOR  gains  in  humans 
were  less  than  in  the  monkey,  which  usually  has  a  gain  close  to  unity .2-'7"'9 

OKN  elicited  by  surround  rotation  is  shown  in  Figure  IB.  At  the  onset  of 
stimulation,  there  was  a  rapid  rise  in  eye  velocity  to  a  steady-state  level. 
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Figure  1.  Vestibular  nystagmus,  OKN,  and  OKAN  of  a  human  subject  in  response  to 
platform  rotation  (A,  C)  or  surround  rotation  (B)  at  60°/second.  In  A,  the  entire  test  was  in 
darkness.  In  B  and  C,  the  surround  or  subject,  respectively,  was  rotated  in  light  and  the 
OKAN  or  postrotatory  nystagmus  was  recorded  in  darkness.  From  above:  horizontal  eye 
position,  slow-phase  eye  velocity,  rotation  sensation,  and  photocell  showing  the  presence  or 
absence  of  light.  Rotation  sensation  was  determined  subjectively  by  turning  a  potentiome¬ 
ter;  one  full  turn  equals  360°.  Note  the  weak  OKAN  after  OKN  at  60°/second  (B).  Note  also 
the  decrease  in  slow-phase  velocity  and  sensation  of  rotation  after  rotation  in  light  (C|, 
compared  with  that  after  rotation  in  dark  (A). 


Maximum  velocities  were  reached  in  the  first  beat.  This  is  different  from  OKN  in 
the  monkey,  which  is  characterized  by  both  a  rapid  and  a  slow  rise  to  a 
steady-state  level.  The  slow  rise  is  associated  with  charging  of  the  storage 
mechanism  responsible  for  OKAN.1  The  gain  of  OKN  in  humans  was  close  to 
unity  up  to  60-90°/second  (Figure  2B).202’  Within  5-6  seconds  after  the  onset  of 
full-field  motion,  a  sensation  of  self-rotation,  circularvection,  was  elicited. It 


424 


Annals  New  York  Academy  of  Sciences 


A 


B 


C 


Figure  2.  Vestibular  nystagmus, 
OKN,  OKAN,  and  the  visual-vestibular 
interaction  in  one  subject.  A:  slow-phase 
velocities  of  per-  and  postrotatory  nys¬ 
tagmus  induced  by  steps  of  platform 
velocity  of  30,  60,  and  90°/second  in 
darkness.  The  dotted  line  indicates  unity 
gain  in  this  and  subsequent  parts  of  this 
figure.  B:  OKN,  OKAN,  and  the  differ¬ 
ence  between  postrotatory  nystagmus 
after  rotation  in  light  and  in  dark.  Note 
that  the  gain  of  OKN  was  close  to  unity. 
Note  also  that  the  difference  in  peak 
velocities  of  postrotatory  nystagmus 
(squares)  was  approximately  equal  to 
the  value  of  OKAN  (triangles).  C:  slow- 
phase  velocities  during  rotation  in  an 
earth-stationary  lighted  surround  and 
during  the  after-nystagmus  recorded  in 
darkness.  The  squares  of  Figure  2B 
were  derived  by  subtracting  values 
represented  by  the  triangles  in  Figure 
2C  from  those  in  Figure  2A. 
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STIMULUS  DURATION  (sec) 

Ficure  3.  Effects  of  varying  the  period  of  exposure  of  moving  full-field  stimulus  on  the 
development  of  OKAN.  The  stimulus  velocity  was  60°/second.  Responses  are  shown  for 
two  subjects.  In  each  of  these  individuals,  the  OKAN  was  evoked  maximally  by  about  30-40 
seconds  of  exposure  to  the  stimulus. 


persisted  for  the  duration  of  stimulation  (Figure  IB).  At  the  end  of  rotation,  there 
was  weak  OKAN,  which  lasted  for  45-50  seconds.'0  ’1,21'24  It  was  unaccompanied 
by  a  sensation  of  rotation  in  our  subjects.  The  gain  of  OKN  or  OKAN  did  not 
depend  on  the  presence  of  circularvection.  In  the  five  subjects  tested,  the  velocity 
of  OKAN  was  maximally  15-20°/second  (Figure  2B).  In  monkeys,  OKAN 
velocities  reach  values  of  90-120°/second.’ 

While  there  was  no  apparent  slow  rise  in  nystagmus  velocity  during  OKN, 
stored  activity  responsible  for  OKAN  built  up  slowly.  To  investigate  this,  two 
subjects  were  exposed  to  varying  periods  of  surround  rotation  of  from  2-90 
seconds.1 24  OKAN  elicited  by  the  period  of  stimulation  was  recorded  in  darkness. 
The  time  constant  of  the  rise  in  OKAN  was  about  20  seconds  (Figure  3).  The  fall 
of  OKAN  velocity  in  darkness  was  somewhat  longer.  It  had  a  time  constant  of 
about  25  seconds.  This  is  different  from  the  monkey,  which  has  a  charging  time 
constant  of  OKAN  of  3-5  seconds  and  a  falling  time  constant  of  10-30  seconds. 
This  demonstrates  that  in  humans  the  storage  mechanism  responsible  for  OKAN 
accumulates  activity  more  slowly  and  does  not  reach  values  that  are  as  high  as  in 
the  monkey. 

Rotation  in  a  lighted  stationary  surround  elicits  both  vestibular  nystagmus  and 
OKN.  At  the  onset  of  rotation,  eye  velocity  rose  to  a  steady-state  level  that  was 
maintained  for  the  duration  of  stimulation  (Figure  1C).  When  subjects  were 
decelerated  and  lights  turned  off,  there  was  oppositely  directed  after-nystagmus. 
It  always  was  weaker  than  the  nystagmus  that  followed  rotation  in  darkness 
(compare  Figure  1A  and  C).  The  sensation  of  rotation  during  the  after-response 
also  was  attenuated  markedly  following  rotation  in  light.  Up  to  about  30°/second, 
there  was  no  after-sensation.  The  percept  was  simply  that  one  had  stopped 
suddenly.  At  higher  velocities,  there  was  more  after-sensation,  but  it  was  always 
less  than  that  following  rotation  in  darkness  at  a  similar  velocity. 

The  response  to  testing  at  various  velocities  in  one  subject  is  shown  in  Figure 
2C.  The  circles  show  the  maximum  perrotatory  slow-phase  velocities  in  light,  and 
the  triangles  the  velocities  of  the  after-nystagmus  recorded  in  darkness.  This  can 
be  compared  to  the  velocity  of  the  postrotatory  responses  that  followed  rotation  in 
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Ficure  4.  Effects  of  adding  OKN  during  rotation  (C)  on  the  postrotatory  response 
recorded  in  darkness.  In  each  instance  the  vestibular  stimulus  was  a  step  in  velocity  at 
45°/second  in  dark  (A)  and  in  light  (B).  Both  the  postrotatory  nystagmus  and  the  sensation  of 
movement  were  weaker  after  OKN  had  been  added  during  rotation. 
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Figure  5.  Enhancement  of  postrotatory  nystagmus  by  OKAN.  In  A,  the  subject  was 
rotated  at  l8°/second  in  an  earth-stationary  lighted  surround.  In  B,  the  OKN  drum  was 
rotated  in  the  same  direction  but  at  a  velocity  of  90°/second.  This  created  a  reversal  in  the 
relative  direction  of  surround  movement  of  72Vsecond;  eye  velocity  was  close  to  that  level. 
In  C,  the  platform  was  halted  and  poststimulus  nystagmus  was  recorded  in  darkness.  The 
maximal  velocity  of  the  postrotatory  nystagmus  was  about  30°/second.  This  was  about 
18°/second  more  than  the  postrotatory  nystagmus  recorded  after  a  step  of  velocity  in 
darkness,  shown  in  D. 
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dark  in  this  same  individual  (triangles,  Figure  2A).  At  each  stimulus  velocity,  the 
maximum  response  after  rotation  in  light  was  15  to  20°/second  less  than  after 
rotation  in  dark.  This  difference  is  plotted  in  Figure  2B  by  the  squares.  It  is 
similar  to  the  OKAN  induced  by  stimulation  at  each  of  these  velocities  (triangles. 
Figure  2B).  This  suggests  that  activity  stored  during  optokinetic  stimulation  was 
responsible  for  the  difference  in  after-nystagmus  that  followed  rotation  in  light 
and  in  dark  (see  also  Reference  25). 

Postrotatory  nystagmus  also  could  be  enhanced  or  reduced  by  varying  the 
relative  velocity  between  the  subject  and  the  surround.  During  platform  rotation, 

A 


Photocell 


Figure  6.  A:  postrotatory  nystagmus  induced  by  rotation  at  60°/second.  In  B,  the  subject 
had  a  2.5-second  period  of  exposure  to  a  stationary  lighted  surround.  This  reduced  both  the 
sensation  of  rotation  and  the  recovery  velocity  of  nystagmus.  The  reduction  in  slow-phase 
velocity  was  about  15 “/second. 


the  optokinetic  cylinder  was  rotated  separately  to  increase  or  decrease  relative 
motion  between  subject  and  surround.  If  during  platform  rotation  at  45°/second 
the  drum  was  rotated  at  15°/second  in  the  opposite  direction,  the  visual  surround 
moved  with  a  relative  velocity  of  60°/second.  This  caused  the  OKN  velocity  to  go 
to  60“/second  (Figure  4C).  After  deceleration,  the  postrotatory  nystagmus  was 
reduced  beyond  that  after  rotation  in  light  (Figure  4B)  or  in  darkness  (Figure  4A). 
The  effective  range  over  which  nystagmus  velocity  could  be  manipulated  was 
about  15-20°/second.  This  is  the  maximum  velocity  of  OKAN  in  this  individual. 

Rotating  the  surround  in  the  same  direction  as  the  subject  but  at  a  faster  speed 
causes  relative  motion  of  the  visual  world  in  the  direction  of  rotation.  This 
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Figure  7.  Effects  of  varying  the  period  of  exposure  to  an  earth-stationary  visual  surround 
on  postrotatory  nystagmus.  There  was  a  progressive  decline  in  slow-phase  velocity  and 
sensation  of  motion  as  the  period  of  exposure  was  increased  (A-C).  Note  the  slow  rise  in 
slow-phase  velocity  during  the  recovery  nystagmus.  This  suggests  recharge  of  the  velocity 
storage  mechanism,  presumably  due  to  continued  deflection  of  the  cupula.  See  text  for 
details. 


produces  OKN  that  is  opposite  to  the  direction  of  nystagmus  induced  in  a 
stationary  surround.  A  result  of  this  is  that  when  the  subject  is  stopped,  OKAN 
now  is  in  the  same  direction  as  the  postrotatory  nystagmus,  and  the  two  should 
summate.  With  the  platform  rotating  at  45°/second  and  the  drum  at  60°/second, 
there  was  a  relative  difference  of  15°/second.  This  did  not  cause  significant 
enhancement  of  the  postrotatory  nystagmus,  although  the  postrotatory  sensation 
was  more  intense. 

At  lower  velocities  of  platform  rotation,  however,  larger  relative  retinal  slips 
were  induced  and  postrotatory  nystagmus  velocities  were  increased.  Such  an 
experiment  is  shown  in  Figure  5.  The  subject  was  rotated  at  18 "/second  in  light 

(A) .  Then  the  drum  was  rotated  in  the  same  direction  at  90°/second.  This  created 
an  OKN  stimulus  velocity  of  72°/second,  and  eye  velocity  was  close  to  that  value 

(B) .  When  the  platform  was  stopped  and  the  lights  were  turned  off,  the  postrota¬ 
tory  nystagmus  was  about  30°/second  (C).  This  was  about  18°/second  more  than 
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after  a  similar  step  of  rotation  in  darkness  (D).  Thus  the  stored  activity  induced  by 
optokinetic  stimulation  added  to  or  subtracted  from  velocities  induced  by  vestib¬ 
ular  stimulation.  The  limit  was  the  saturation  value  for  OKAN.  This  is  consistent 
with  the  concept  of  a  common  storage  mechanism  for  vestibular  nystagmus, 
OKN,  and  OKAN. 

Besides  being  canceled  by  OKAN,  postrotatory  nystagmus  in  monkeys  can  be 
reduced  by  exposure  to  a  stationary  visual  surround.2  Similarly,  in  humans, 
exposure  to  a  stationary  visual  field  during  nystagmus  caused  a  loss  of  stored 
activity  and  an  attenuation  of  the  response.  When  lights  were  turned  off  after 
such  an  exposure,  nystagmus  velocity  was  reduced  beyond  the  velocity  that 
would  be  expected  if  there  had  been  no  period  of  fixation.  Figure  6A  shows  a 
control  postrotatory  response  to  a  step  of  velocity  in  darkness.  In  Figure  6B,  the 
subject  was  exposed  to  a  stationary  lighted  surround  for  2.5  seconds  during 
postrotatory  nystagmus.  When  the  stationary  surround  became  visible,  there  was 
a  sudden  drop  in  eye  velocity  and  the  eyes  were  held  stable.  When  lights  were 
turned  off  again,  nystagmus  returned.  Eye  velocity  rose  slowly  to  a  peak  value 
that  was  about  15-20°/second  less  than  if  there  had  been  no  period  of  fixation. 
Associated  with  this,  there  was  a  reduction  in  the  sensation  of  rotation. 

There  were  two  differences  between  the  responses  of  humans  and  monkeys 
to  periods  of  fixation  suppression  during  postrotatory  nystagmus.  In  humans,  eye 
velocity  was  close  to  zero  during  fixation  suppression.  In  the  monkey,  there 
almost  always  is  some  nystagmus  during  this  period.  Secondly,  in  the  monkey, 
6-10  seconds  of  exposure  to  a  stationary  surround  usually  is  adequate  to 
discharge  activity  responsible  for  vestibular  nystagmus.2  In  humans,  even  16 
seconds  of  exposure  to  a  stationary  field  were  not  sufficient  to  abolish  nystagmus 
(Figure  7).  Similar  results  were  found  by  Koenig  and  Dichgans.25  The  mechanism 
that  discharged,  or  “dumped,”  activity  from  the  velocity  storage  integrator  also 
was  not  as  effective  during  OKAN  in  humans  as  in  monkeys.  In  a  typical  human 
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Figure  8.  Effect  of  eight-second  period  of  visual  fixation  on  OKAN.  The  presence  of 
nystagmus  after  the  period  of  visual  fixation  indicates  that  the  velocity  storage  mechanism 
had  not  discharged  its  activity  completely  during  the  period  of  exposure  to  the  stationary 
surround. 
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subject,  8  seconds  of  exposure  to  a  stationary  visual  surround  were  inadequate  to 
discharge  the  activity  responsible  for  OK  AN  (Figure  8).  In  the  monkey,  such  long 
values  rarely  are  encountered,  and  after  some  practice,  OKAN  is  lost  completely 
after  2-3  seconds  of  fixation.1 


Discussion 

These  data  demonstrate  a  number  of  manifestations  of  stored  activity  related 
to  slow-phase  eye  velocity  in  humans:  (1)  OKAN  was  present  after  optokinetic 
stimulation:  (2)  postrotatory  nystagmus  velocity  measured  in  darkness  was 
reduced  after  rotation  in  light;  (3)  the  velocity  storage  mechanism  became 
partially  charged  by  exposure  to  full-field  motion  for  short  periods  of  time:  (4)  it 
was  discharged  by  exposure  to  a  fixed  visual  field;  and  (5)  various  rates  of  field 
motion  relative  to  the  subject  increased  or  decreased  postrotatory  nystagmus  in  a 
predictable  fashion. 

Lacking  information  about  the  dynamics  of  the  cupula,  the  finding  that  the 
visual  system  is  capable  of  discharging  activity  associated  with  postrotatory 
nystagmus  probably  is  the  most  direct  demonstration  that  stored  activity  contrib¬ 
utes  to  the  vestibular  response  in  man.  (This  assumes  that  the  visual  system  is  not 
capable  of  affecting  VIHth  nerve  activity  in  man  as  in  monkey.)  The  maximal 
amount  of  stored  activity  for  OKN  was  between  15  and  20°/second.  This  is 
similar  to  that  found  by  Koenig  and  Dichgans,25  and  is  considerably  less  than  in 
the  monkey.  It  would  dictate  a  considerable  amount  of  postrotatory  nystagmus  in 
darkness  after  rotation  at  higher  velocities  in  light.  This  was  observed  consis¬ 
tently. 

Previously,  by  modeling  OKN,  OKAN,  and  the  visual-vestibular  interaction,  a 
number  of  organizational  aspects  of  the  VOR  and  of  visual-oculomotor  pathways 
became  apparent.1,2  An  insight  from  this  work  was  the  recognition  that  there  are 
direct  and  indirect  pathways  from  the  visual  and  vestibular  systems  to  the 
oculomotor  system.  The  direct  visual  pathway  is  responsible  for  the  rapid  rise  in 
OKN  at  the  onset  of  stimulation.  The  indirect  pathway  utilizes  the  velocity 
storage  mechanism  and  provides  a  common  element  for  coupling  both  the  visual 
and  the  vestibular  input  to  the  oculomotor  output. 

Interpreting  data  presented  in  this  report  in  the  framework  of  this  scheme,  it 
would  appear  that  the  direct  visual  pathways  are  predominant  in  humans  during 
OKN,  and  that  visual  coupling  to  the  oculomotor  system  through  the  indirect 
pathways  is  weaker  in  man  than  in  monkey.  Weak  coupling  is  suggested  by  the 
long  time  constant  of  charge  and  the  low  saturation  value  of  OKAN  slow-phase 
velocity  relative  to  OKN  velocity.  Also,  fixation  of  a  stationary  environment  did 
not  discharge  the  integrator  and  reduce  nystagmus  velocity  as  rapidly  or  as 
completely  as  in  the  monkey.  A  high  gain  of  the  direct  pathway  is  suggested  by 
the  finding  that  at  the  onset  of  OKN,  eye  velocity  jumps  immediately  to  the 
stimulus  velocity  with  a  gain  close  to  unity,  and  there  is  no  slow  rise  as  in  the 
monkey.  If  lights  are  turned  off  after  optokinetic  stimulation,  there  is  a  rapid  drop 
in  eye  velocity  to  a  maximum  of  15-20°/second.  We  interpret  this  as  inactivation 
of  the  direct  pathways.  The  gain  of  direct  pathways  in  man  probably  is  close  to 
unity,  whereas  in  the  monkey  it  is  about  O.6.1  Thus,  humans  depend  much  more 
on  activity  in  direct  pathways  to  sustain  optokinetic  nystagmus,  and  the  velocity 
storage  mechanism  probably  contributes  much  less  to  OKN.  This  would  lead  to 
the  postulate  that  activation  of  neurons  in  the  vestibular  nuclei  during  full-field 
stimulation  would  be  less  in  man  than  in  monkey.  This  would  explain  why 
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labyrinthectomy  has  a  much  more  limited  effect  on  OKN  in  humans  than  in 
monkeys.26 

Although  the  velocity  storage  mechanism  makes  only  a  limited  contribution  to 
production  of  OKN,  this  contribution  has  two  important  effects  in  mediating 
visual-vestibular  interactions.  The  after-nystagmus  following  prolonged  head 
rotations  is  considerably  weaker  if  vision  is  permitted  during  rotation,  and  the 
after-sensation  is  strongly  reduced.  Generally,  the  sensation  of  rotation  appears 
to  covary  with  activity  in  the  velocity  storage  mechanism,  but  the  sensation  of 
motion  can  be  dissociated  from  nystagmus  under  certain  circumstances.  There 
may  be  no  sensation  of  rotation  at  a  time  when  there  is  nystagmus  induced  by  the 
velocity  storage  mechanism,  such  as  during  OKAN  (Figure  1A).  Also,  the 
sensation  of  rotation  can  be  present  without  the  occurrence  or  intensification  of 
nystagmus.  This  occurs,  for  example,  during  acceleration  in  a  visual  field  that  is 
stationary  with  reference  to  the  subject.27 

Another  question  is  what  role  velocity  storage  might  play  in  producing 
vestibular  nystagmus.  Without  knowledge  of  the  dynamics  of  the  cupula,  the 
relative  contribution  of  peripheral  and  central  activity  to  the  nystagmus  response 
cannot  be  measured  directly.  The  return  of  nystagmus  after  a  period  of  fixation 
could  occur  either  if  the  storage  integrator  were  being  reexcited  or  if  the  stored 
activity  had  not  been  discharged.  The  slow  rise  in  eye  velocity  after  9  seconds  of 
fixation  (Figure  7B)  suggests  that  the  velocity  storage  integrator  was  being 
charged  in  the  period  that  followed  fixation  2  28  Presumably,  the  cupula  still  was 
deflected  9-10  seconds  after  the  end  of  rotation,  causing  activity  in  the  vestibular 
nerve  to  reexcite  the  storage  mechanism,  although  other  sources  could  contribute 
to  this  activity.  This  suggests  that  the  dominant  time  constant  of  human  semicir¬ 
cular  canal  afferents  is  longer  than  in  the  monkey,  probably  in  the  range  of  7-8 
seconds. 

Two  other  lines  of  evidence  are  consistent  with  this  suggestion.  Humans  are 
larger  than  the  laboratory  primates  usually  used  in  vestibular  research.  There¬ 
fore,  their  canals  would  be  larger.29  This  causes  a  shift  in  canal  dynamics,29  giving 
them  a  somewhat  longer  time  constant.  In  addition,  in  the  monkey,  the  postrota¬ 
tory  response  after  off-vertical  axis  rotation  is  in  the  range  of  3-5  seconds, 
whereas  in  humans  it  is  in  the  range  of  7-8  seconds.30,31  We  have  postulated  that 
the  shortening  of  postrotatory  nystagmus  after  off-vertical  rotation  is  due  to 
discharge  of  activity  in  the  velocity  storage  integrator.32  If  correct,  the  time 
constant  of  nystagmus  in  this  condition  closely  reflects  the  time  constant  of 
activity  in  the  vestibular  nerve.  The  longer  time  constant  of  vestibular  nystagmus 
in  humans  than  in  monkeys  after  off-vertical  axis  rotation,  therefore,  could  be 
due  to  a  longer  time  constant  of  activity  in  their  canal  afferents. 

Thus  in  summary,  a  velocity  storage  mechanism  is  present  in  man.  It  appears 
to  play  less  of  a  role  in  producing  optokinetic  and  vestibular  responses  in  the 
human  than  in  the  monkey.  However,  this  mechanism  is  important  for  mediating 
visual-vestibular  interactions.  Moreover,  pathological  disturbances  of  this  mech¬ 
anism  could  have  important  effects  in  producing  vertigo  in  various  disease 
states. 
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Introduction 

In  recent  years,  the  interaction  of  optokinetic  and  vestibular  stimuli  on  the 
slow-phase  velocity  (SPV)  of  nystagmus  and  on  the  perception  of  body  motion 
has  gained  increasing  interest.  The  resulting  research  work  has  improved  our 
understanding  of  how  man  compensates  for  a  sensory  deficit:  there  is  no  receptor 
signaling  constant  angular  or  linear  body  velocity.  The  adequate  inputs  to  the 
semicircular  canals  are  angular  accelerations;  and  to  the  otoliths,  linear  accelera¬ 
tions. 

With  vestibular  stimuli  of  high  frequency  (sinusoidal  stimulation  above  0.1 
Hz),  this  deficit  is  compensated  for  by  the  inertia  of  the  cupula,  which  integrates 
the  acceleration  to  a  velocity  signal  of  the  head  in  space.1  With  lower  frequencies 
of  vestibular  stimulation,  the  output  of  the  peripheral  vestibular  system  under¬ 
goes  a  phase  shift.  It  is  less  and  less  proportional  to  head  velocity,  but  eventual¬ 
ly— at  frequencies  below  0.005  Hz2—  corresponds  to  head  acceleration.  The 
mechanical  integration  of  the  cupula  is  reflected  in  the  time  constant  (3-5 
seconds)  of  the  peripheral  vestibular  nerve.1  An  additional  central  integrator3— 
presumably  located  in  the  vestibular  nuclei  storing  the  neuronal  activity  from  the 
peripheral  nerve — extends  to  lower  frequencies  the  range  of  frequencies  elicit¬ 
ing  a  vestibulo-ocular  reflex  (VOR)  in  phase  with  head  velocity.2  This  central 
integration  prolongs  the  peripheral  time  constant  (3-5  seconds)  to  the  time 
constant  (15-28  seconds)  of  the  first  phase  of  vestibular  after-nystagmus  (VAN 
I).4-5 

In  spite  of  its  integrative  properties,  the  vestibular  system  is  not  able  to 
provide  an  adequate  velocity  signal  during  motion  with  constant  angular  veloci¬ 
ty.  In  the  presence  of  visual  cues,  this  can  be  compensated  for  by  the  visual 
system.  When  the  whole  visual  surround  moves  with  uniform  velocity,  a  sensa¬ 
tion  of  self-motion  is  induced  (circularvection).8,7  The  neurophysiological  basis 
for  this  perception  is  a  convergence  of  visual  inputs  on  the  premotor  structures  of 
the  vestibular  system.8-11  Features  common  to  vestibular  (VAN  I)  and  optokinetic 
after-nystagmus  (OKAN  I),  as  well  as  recordings  from  vestibular  neurons  during 
OKAN,  indicate  that  the  convergence  of  the  two  inputs  has  to  be  located  at  or 
prior  to  the  level  of  the  central  integrator  in  the  vestibular  nuclei  mentioned 
above.4-512  Thus  OKAN  I  and  the  prolongation  of  the  peripheral  time  constant 
(3-5  seconds)  to  that  of  VAN  I  could  be  accomplished  by  the  same  integrator 
(VAN  I-integrator). 

A  second  integrator,  however,  is  required  to  explain  secondary  vestibular 
(VAN  II)  and  secondary  optokinetic  after-nystagmus  (OKAN  II),  as  OKAN  II  at 
least  is  independent  of  OKAN  I.13-14  The  interaction  of  the  two  integrators  was 
studied  in  our  experiments.  The  experimental  setup  was  designed  such  that  it 
resembled  a  natural  combination  of  vestibular  and  optokinetic  stimuli,  with  the 
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vestibular  stimulus  at  the  beginning.  In  a  second  set  of  experiments,  the  simplest 
paradigm  of  vestibular  and  optokinetic  interaction,  i.e.,  fixation  of  a  pattern  at 
zero  velocity,  was  employed  to  determine  the  effect  of  different  durations  of 
visual  stimulation  on  after-nystagmus. 


Methods 

Subjects 

Four  subjects  (two  male,  two  female;  aged  between  22  and  26  years)  with 
normal  vestibular  function  volunteered  for  our  experiments.  They  were  familiar 
with  the  apparatus  from  previous  experiments. 


Apparatus 

For  testing,  subjects  were  seated  on  a  chair  that  rotated  about  the  axis  of  a 
surrounding  cylindrical  drum  (Tonnies,  Freiburg,  1.4  m  in  diameter),  which 
served  as  the  visual  surround.  The  inner  wall  of  the  drum  was  covered  with  48 
alternating  black  and  white  stripes,  each  subtending  7.5°  of  visual  angle.  The 
pattern  filled  the  entire  visual  field  including  the  retinal  periphery.  A  small  band 
at  eye  level,  extending  10°  vertically,  was  displayed  in  addition.  It  was  covered 
with  colored  comic-strip  figures  and  served  as  foveal  fixation.  Both  the  chair  and 
the  drum  could  be  rotated  (independently  or  coupled)  at  servo-controlled  veloci¬ 
ties  up  to  180°/second.  Horizontal  (and  vertical)  eye  movements  were  recorded 
using  Beckman  Ag-AgCl  electrodes.  After  d.c.  amplification,  eye  movements  and 
acceleration  signals  from  drum  and  chair  were  recorded  on  paper  charts  using  a 
Siemens  Mingograph  four-channel  high-pressure-jet  galvanometer  system.  Cali¬ 
brations  of  eye  movements  were  taken  from  voluntary  saccades  (four  targets  at 
15°  and  30°  left  and  right).  These  were  repeated  between  trials. 


Experimental  Procedure 

Each  subject  was  seated  with  the  head  restrained  in  a  headrest  and  was  asked 
to  pursue  attentively  the  moving  pattern  or  to  fixate  the  stationary  pattern  when 
the  drum  was  coupled  rigidly  to  the  chair.  Acoustic  cues  from  the  motors  driving 
the  chair  and  the  drum  were  masked  by  music  from  a  cassette-recorder, 
presented  via  earphones.  The  stimuli  used  and  the  responses  obtained  are 
depicted  schematically  in  Figure  1.  For  comparison,  pure  vestibular  stimulation 
(chair  accelerations  and  decelerations  of  3,  6,  9,  12,  and  18°/second2  for  10 
seconds  in  the  dark.  Figure  la)  and  pure  optokinetic  stimulation  (pattern  motions 
of  30, 60, 90, 120,  and  180°/second  for  1  minute,  Figure  lb)  also  were  applied.  To 
test  fixation  suppression  of  the  VOR  (Figure  lc),  the  chair  was  accelerated  with  3, 
6, 9, 12,  and  18°/second2  for  10  seconds  in  the  dark  with  the  drum  rigidly  coupled 
to  it.  Within  the  first  second  after  the  end  of  the  acceleration,  the  light  was 
switched  on  to  present  the  pattern,  which  was  stationary  relative  to  the  subject 
turning  at  constant  speed. 

In  a  second  set  of  experiments,  the  effect  of  different  time  intervals  of  fixation 
on  the  SPV  of  vestibular  nystagmus  was  studied  quantitatively.  For  vestibular 
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Figure  1.  The  vestibular  and  optokinetic  stimuli  used  and  their  combinations,  as  well  as 
a  schematic  illustration  of  the  resulting  slow-phase  velocity  of  nystagmus  (see  legend  of 
Ficure  4  for  the  meaning  of  the  abbreviations),  (a)  Pure  vestibular  stimulation,  by  chair 
acceleration  to  the  left,  and  deceleration  of  the  chair,  (b)  Pure  optokinetic  stimulation  by  a 
drum  rotation  for  1  minute  to  the  right  and  a  subsequent  drum  rotation  to  the  left  for  the 
same  time,  (c)  Fixation  suppression  of  vestibular  nystagmus  for  1  minute  by  the  presenta¬ 
tion  of  a  visual  surround,  stationary  in  respect  to  the  observer,  after  the  termination  of  the 
vestibular  stimulus,  (d)  Combination  of  a  weak  acceleration  with  a  high  optokinetic  pattern 
velocity,  eliciting  nystagmus  into  the  same  direction  after  the  acceleration  and  into  opposite 
directions  after  the  deceleration,  (e)  Combination  of  a  strong  acceleration  with  a  low 
optokinetic  pattern  speed,  resulting  in  a  decrease  of  SPV  after  the  beginning  of  optokinetic 
stimulus. 


stimulation,  the  rotating  chair  and  drum,  rigidly  coupled  to  each  other,  were 
accelerated  with  18°/second2  for  10  seconds  in  the  dark.  Within  the  first  second 
after  termination  of  the  acceleration,  the  light  was  switched  on,  presenting  the 
stationary  pattern  to  the  subject  for  the  following  time  intervals:  2,  5,  10,  20,  and 
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30  seconds,  and  1,  2,  and  3  minutes.  Then  the  light  was  switched  off,  and 
after-nystagmus  was  recorded  until  it  definitely  had  ceased. 

So  as  to  test  interaction  (Figure  Id  and  e),  the  chair  was  accelerated  (or 
decelerated  after  an  extended  period  of  constant  velocity)  in  the  dark  for  10 
seconds  (3,  6,  9, 12,  and  18°/second2).  Then  within  1  second  after  the  end  of  the 
acceleration,  the  light  was  switched  on  so  as  to  illuminate  the  drum.  The  speed  of 
the  drum  was  adjusted  to  generate  a  velocity  difference  between  drum  and  chair 
of  30,  60,  90,  120,  or  180°/second.  The  subject  thereby  was  exposed  to  an 
optokinetic  stimulus  eliciting  nystagmus  either  toward  the  same  direction  as  the 
previous  vestibular  nystagmus  or  toward  the  opposite  direction.  After  1  minute, 
the  light  was  switched  off  and  after-nystagmus  was  recorded  until  it  ceased.  The 
combination  of  five  accelerations  and  five  pattern  velocities  resulted  in  25  trials. 
For  technical  reasons  (limited  maximal  speed  of  the  drum),  in  the  first  part  of 
each  trial,  vestibular  and  optokinetic  nystagmus  had  the  same  direction;  whereas 
in  the  second  part  (deceleration),  they  were  opposite.  The  40  trials  (including 
pure  vestibular,  pure  optokinetic,  and  fixation  suppression  experiments)  were 
split  up  into  four  separate  sessions  on  different  days.  So  as  to  balance  sequential 
effects,  the  order  of  the  trials  was  reversed  for  two  subjects. 


Results 

Aftereffects  of  Pure  Vestibular  Stimulation 

After  reaching  a  peak  at  the  end  of  the  acceleration  phase  lasting  10  seconds, 
SPV  of  VAN  I  declines  approximately  exponentially.  After  an  acceleration  of 
18°/second2  (Figure  2),  the  average  time  constant  of  this  decline  was  12.5  seconds 
and  the  average  duration  of  VAN  I  was  36.5  seconds.  Thereafter,  the  second 
phase  (VAN  II),  with  the  slow  phase  toward  the  opposite  direction,  started.  It 
ceased  on  average  175  seconds  after  the  termination  of  acceleration.  The  average 
cumulative  amplitude  of  VAN  II  was  635°  after  an  acceleration  of  18°/second2. 
For  comparison  with  the  aftereffects  of  the  interaction  trials  (tested  after  acceler¬ 
ations  of  3,  6,  9,  12,  and  18°/second2  and  a  subsequent  1-minute  optokinetic 
stimulation),  VAN  II  cumulative  amplitude  and  duration  after  pure  vestibular 
stimulation  also  were  measured  for  the  corresponding  time  interval.  This  interval 
started  1  minute  after  termination  of  the  acceleration.  Prior  to  this  time  interval, 
VAN  I  had  decayed  and  VAN  II  had  started.  Cumulative  amplitude  of  VAN  II  is 
plotted  in  Figure  4.  VAN  II  following  the  acceleration  is  plotted  below  the 
abscissa.  VAN  II  following  the  deceleration  is  plotted  above.  Cumulative  ampli¬ 
tude  (and  duration)  of  VAN  II  incre  ,ses  with  increasing  acceleration.  In  our 
experiments,  cumulative  VAN  II  was  considerably  weaker  (only  62%)  after 
deceleration. 


Vestibular  Aftereffects  despite  Prior  Fixation  Suppression 

Starting  immediately  after  termination  of  the  acceleration  (18°/second2),  a 
stationary  visual  surround  was  presented  for  different  time  intervals  (2,  5, 10,  20, 
and  30  seconds,  1,  2,  and  3,  minutes).  The  attempt  to  fixate  the  stationary  pattern 
invariably  resulted  in  a  sharp  drop  of  SPV.  This  drop  was  roughly  exponential, 
leading  to  a  gain  of  0.16  (as  compared  to  the  SPV  prior  to  fixation)  within  the  first 
2-second  interval.  A  complete  suppression  of  nystagmus  was  reached  after  12 
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Figure  3.  Comparison  of  VANF  II  and  VAN  II  by  the  ratio  of  cumulative  amplitude  of 
VANF  II  and  VAN  II  (dark  circles)  and  the  ratio  of  the  duration  of  VANF  II  and  VAN  II 
(open  triangles).  For  a  fixation  interval  of  3  minutes,  the  ratios  were  not  calculated,  as 
VANF  II  was  observed  only  in  one  of  our  four  subjects. 


seconds  on  average.  With  fixation  intervals  lasting  up  to  2  minutes,  nystagmus 
invariably  recovered  after  the  lights  were  switched  off.  With  the  shorter  fixation 
intervals  (up  to  20  seconds),  VAN  I  reappeared  (Figure  2).  This  occurred  also 
when  nystagmus  had  ceased  completely  during  fixation.  VAN  I,  however,  did 
not  reach  the  same  velocity  as  without  prior  fixation  at  corresponding  times. 
After  the  termination  of  fixation,  an  increase  of  SPV  over  several  seconds  (2-4 
seconds)  invariably  was  found.  This  increase  was  rapid  at  first  and  then 
progressively  slower.  Thereafter,  SPV  slowly  declined  and  ceased  only  slightly 
earlier  (28.8  seconds)  than  VAN  I  without  fixation  suppression  (36.5  seconds).  To 
compare  VANF  I*  in  humans  to  the  data  obtained  with  a  similar  method  in 
Macaco  mulatto/  5  VANF  I  was  normalized  by  calculating  the  ratio  between  SPV 
after  fixation  and  SPV  immediately  prior  to  fixation.  The  average  values  from 
our  four  subjects  are  plotted  in  Figure  2b.  The  open  squares  represent  the  initial 
2-second  average  of  SPV  after  fixation  termination  (encircled  in  Figure  2a);  and 
the  dark  squares,  the  maximal  SPV  two  seconds  later  (see  also  Figure  2a).  For 
comparison,  the  normalized  values  of  VAN  I  in  humans  (without  prior  fixation) 
and  Raphan’s  data  obtained  in  Macaco  mulatto  also  are  plotted  in  Figure  2b.  The 


'Vestibular  after-nystagmus  I  after  fixation. 


440 


Annals  New  York  Academy  of  Sciences 


cum 

AMPL 


Figure  4.  The  influence  of  the  five  accelerations  tested  on  the  cumulative  amplitude  of 
vestibular  after-nystagmus  II  (VAN  II),  vestibular  after-nystagmus  II  after  fixation  suppres¬ 
sion  (VANF  II),  after-nystagmus  I  and  II  during  inhibiting  interaction  of  the  aftereffects 
(iAN  I,  iAN  II),  and  after-nystagmus  I  and  II  during  enhancing  interaction  (eAN  I,  eAN  II). 


figure  shows  a  much  faster  decline  of  the  recovered  SPV  after  fixation  in  the 
monkey  as  compared  to  humans.  The  effect  of  different  fixation  suppression 
intervals  on  the  second  phase  of  vestibular  after-nystagmus  (VANF  II)  also  was 
studied.  Fixation  during  VAN  I  did  not  shorten,  but  rather  tended  to  prolong,  the 
duration  of  VANF  II  (Figure  3)  and  increased  its  cumulative  amplitude.  VANF  II 
was  observed  in  all  four  subjects  after  2  minutes  of  fixation  and  even  after  3 
minutes  in  one  subject.  Figure  3  plots  the  duration  of  VANF  II  after  different 
fixation  intervals  in  relation  to  VAN  II  (175  seconds)  without  fixation  (duration  of 
VANF  ll/duration  of  VAN  II).  The  cumulative  amplitudes  of  VANF  II  in  relation 
to  VAN  II  also  are  plotted  (2  VANF  II/2  VAN  II).  With  fixation  intervals 
exceeding  30  seconds,  VANF  II  was  curtailed.  Cumulative  VAN  II  therefore  was 
compared  to  corresponding  parts  of  VAN  II.  Figure  3  shows  that  both  duration 
and  cumulative  amplitude  of  VANF  II  tended  to  be  increased  by  a  prior  fixation. 
This  effect  was  maximal  for  a  fixation  interval  of  30  seconds.  The  effect  of  a  prior 
fixation  suppression  on  VANF  II  also  was  tested  using  different  accelerations  (3, 
6,  9,  12,  and  18°/second2)  but  a  constant  fixation  interval  of  1  minute.  VANF  II 
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invariably  was  observed.  As  with  VAN  II,  its  cumulative  amplitude  and  duration 
(not  plotted)  increased  with  increasing  accelerations  (Figure  4).  VANF  II  again 
was  weaker  after  the  deceleration  phase  (70%,  as  compared  to  the  one  after  the 
acceleration  phase).  Cumulative  amplitudes  and  durations  of  VANF  II  were  very 
similar  to  VAN  II  without  fixation  (Figure  4),  although  vestibular  nystagmus  was 
canceled  almost  completely  during  fixation.  VAN  II  therefore  cannot  be  the 
response  to  vestibular  nystagmus,  but  must  be  elicited  by  the  vestibular  stimulus 
proper. 


Optokinetic  After-Nystagmus 

After  1  minute  of  optokinetic  stimulation,  optokinetic  after-nystagmus 
(OKAN)  was  observed  only  toward  the  direction  of  previous  optokinetic  nystag¬ 
mus  (OKN).  Its  duration  averaged  45  seconds  and  was  independent  of  speed. 
There  was  no  second  phase  (OKAN  II).  Average  cumulative  amplitudes  for  the 
five  velocities  tested  were  187,  249,  259,  272,  and  238°  to  the  right  and  203,  220, 
300,  379,  and  212°  to  the  left.  Since  in  contrast  to  the  effects  of  vestibular 
stimulation,  the  order  of  presentation  was  not  critical,  measurements  of  OKAN 
were  averaged  for  both  directions.  Figure  5  shows  that  within  the  range  tested, 
OKAN  is  largely  independent  of  pattern  speed.  It  increased  only  slightly  with 
increasing  stimulus  velocities  up  to  120°/second  and  was  weaker  after  a  180°/ 
second  pattern  motion. 


cum. 

Ampl. 


Figure  5.  The  influence  of  the  five  velocities  of  optokinetic  stimulus  on  the  cumulative 
amplitudes  of  optokinetic  after-nystagmus  I  (OKAN  1),  iAN  I,  iAN  II,  eAN  I,  and  eAN  II 
(see  legend  of  Figure  4  for  an  explanation  of  the  abbreviations). 
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Aftereffects  of  Visual-Vestibular  Interaction 

We  demonstrated  OKAN  I  after  1  minute  of  optokinetic  stimulation  and  also 
demonstrated  that  VANF II  is  independent  of  the  occurrence  of  nystagmus  (VAN 
I).  So  both  mechanisms  driving  after-nystagmus  should  be  active  1  minute  after 
termination  of  the  acceleration,  and  the  aftereffects  of  optokinetic  and  vestibular 
stimulation  should  combine  to  a  single  SPV  output.  When  vestibular  nystagmus 
and  OKAN  during  stimulation  are  of  the  same  direction,  their  aftereffects  should 
inhibit  each  other  because  VAN  II  and  OKAN  I  are  opposite.  When  vestibular 
nystagmus  is  opposite  in  direction  to  the  optokinetic  nystagmus,  VAN  II  and 
OKAN  I  have  the  same  direction,  presumably  enhancing  each  other.  To  test  this, 
cumulative  amplitudes  and  durations  of  after-nystagmus  during  inhibitory  (iAN) 
and  enhancing  interaction  (eAN)  were  measured.  To  determine  the  effects  of 
vestibular  accelerations  and  optokinetic  pattern  speed,  we  averaged  cumulative 
amplitudes,  either  across  pattern  speeds  or  across  accelerations,  and  thus  were 
able  to  plot  first  the  average  effect  of  a  prior  optokinetic  stimulus  in  relation  to  the 
five  accelerations  employed  (Figure  4)  and  second  the  average  effect  of  a  prior 
acceleration  in  relation  to  the  five  pattern  speeds  used  (Figure  5).  With  the 
inhibiting  interaction  of  the  aftereffects,  OKN  is  followed  by  a  short  after¬ 
nystagmus  toward  the  same  direction  (iAN  1),  then  a  secondary  nystagmus  of  long 
duration  and  slow  velocity  follows  (iAN  II).  The  comparatively  shorter  OKAN 
drive  soon  was  overpowered  by  the  VAN  II  tendency.  Figure  4  shows  that  iAN  I 
is  strongest  with  low  accelerations  and  decreases  with  higher  accelerations, 
indicating  the  strong  inhibitory  effect  of  the  VAN  II  drive.  The  effect  of  pattern 
speed— a  slight  increase  with  increasing  velocity  up  to  90°/second  (Figure  5)— is 
comparatively  minor.  A  comparison  of  the  traces  labeled  OKAN  and  iAN  I  in 
Figure  5  shows  that  the  inhibitory  interaction  of  VAN  II  on  OKAN  largely  is 
independent  of  pattern  velocity. 

The  effects  of  the  mutually  enhancing  combination  are  similar  in  principle. 
With  enhancing  interaction  of  the  aftereffects,  OKAN  is  followed  by  a  strong 
after-nystagmus  of  long  duration  (eAN  I).  Figure  4  again  shows  that  similarly  to 
VAN  II,  eAN  I  increases  with  increasing  accelerations.  Pattern  velocity  is  less 
influential  (Figure  5).  eAN  II  was  observed  only  occasionally  in  two  subjects 
with  accelerations  of  3  and  9°/second2  (Figures  4  and  5).  We  assume  that  eAN  II 
is  a  vestibular  aftereffect  corresponding  to  VAN  III,  occasionally  observed  after 
v  -stibular  stimulation.  An  analysis  of  the  duration  of  the  different  forms  of 
after-nystagmus  showed  the  same  characteristics;  therefore,  these  data  are  not 
shown. 


Discussion 

The  characteristics  of  VAN  I  in  the  dark  conform  well  with  earlier  find- 
ings.'*-1'  VAN  I  is  elicited  by  both  integrators  mentioned  earlier:  the  inertia  of  the 
cupula  and  the  central  VAN  I -integrator.  It  is  not  possible,  however,  to  assess 
from  our  data  how  much  each  integrator  contributes  to  the  response.  A  rough 
estimate  for  the  peripheral  time  constant  may  be  obtained  from  the  peripheral 
time  constant  (3-5  seconds)  of  the  squirrel  monkey.1  In  man,  because  of  his  larger 
body  mass,  this  time  constant  probably  is  slightly  longer.  If  we  assume  a  time 
constant  of  7  seconds  for  the  decay  of  the  cupula  deflection,  there  still  should  be  a 
small  vestibular  input  after  20  seconds.  This  could  very  well  be  the  reason  for  the 
partial  recovery  of  VANF  I  observed  after  the  termination  of  fixation  suppres- 
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sion,  as  suggested  by  B.  Cohen  at  this  symposium.  The  rise  of  SPV  within  the 
subsequent  2-4  seconds  after  termination  of  fixation  then  may  be  explained  by  a 
recharge  of  the  central  VAN  I-integrator  by  the  continuing  neuronal  input  from 
the  periphery.  The  fact  that  VANF  I  after  fixation  does  not  reach  the  velocity  of 
VAN  I  at  the  corresponding  time  has  to  be  attributed  to  a  discharge  of  the  central 
VAN  I-integrator  during  fixation.4  5 

This  hypothesis,  however,  hardly  explains  the  data  from  Macaca  mulatto 
(Figure  2b),  with  an  abolishment  of  VANF  I  after  a  fixation  interval  of  6  sec¬ 
onds.4'5  With  a  cupula  time  constant  of  3-5  seconds,’  there  still  should  be  a 
considerable  peripheral  input  6  seconds  after  the  termination  of  the  vestibular 
stimulus,  which  should  give  rise  to  VANF  I  when  the  stationary  visual  surround 
is  removed.  The  missing  recovery  of  VANF  I  suggests  an  additional  process. 

Assuming  that  the  presence  of  the  visual  surround  in  the  fixation-suppression 
paradigm  is  equivalent  to  an  optokinetic  input  (drum  velocity  in  space)  opposite 
to  the  slow  phase  of  vestibular  nystagmus,  its  aftereffect  would  correspond  to 
OKAN  I  and  its  direction  would  be  opposite  to  VAN  I,  thus  explaining  the 
missing  recovery  of  VANF  I  in  the  monkey.  It  seems  probable  that  the  difference 
between  man  and  monkey  results  from  the  stronger  input  of  the  optokinetic 
system  into  the  vestibular  nuclei  of  the  monkey.  This  results  in  a  higher 
optokinetic  gain  with  high  stimulus  velocities,  in  a  much  stronger  OKAN,  and 
after  fixation  suppression,  in  an  effective  suppression  of  the  continuing  vestibu¬ 
lar  stimulation  by  the  only  gradually  decaying  cupula  deflection.  The  necessary 
basic  assumption  is  that  in  the  fixation-suppression  paradigm,  a  large  moving 
visual  stimulus— although  stationary  with  respect  to  the  moving  head— is  equiva¬ 
lent  to  retinal  image  motion. 

Besides  the  VAN  I-integrator  with  its  rapid  rise  time,  high  gain,  and  short 
decay  time  constant,  vestibular  stimulation  charges  a  second  integrator  generat¬ 
ing  VAN  II,  with  a  low  gain  and  a  long  decay  time  constant.  That  the  VAN 
II-integrator  (as  also  observed  with  OKAN  II)1314  is  charged  by  the  adequate 
stimulus  (vestibular,  optokinetic  respectively)  and  not  by  the  preceding  nystag¬ 
mus  is  demonstrated  by  the  missing  reduction  of  VANF  II  after  fixation 
compared  to  VAN  II  (Figures  3  and  4).  The  boost  of  VANF  II  (Figure  3)  by 
fixation  may  be  explained  again  by  the  addition  of  a  presumed  OKAN  I,  as  the 
aftereffect  of  an  optokinetic  signal  countercoupled  to  VAN  I.  A  similar  boost  of 
OKAN  II  was  observed  with  fixation  suppression  of  OKAN  I.14  These  parallels 
between  VAN  II  and  OKAN  II  suggest  that  one  integrator  elicits  both  aftereffects. 
However,  the  short-term  adaptation  of  VAN  II  (VAN  II  and  VANF  II  were 
considerably  weaker  after  the  deceleration  than  after  the  acceleration)  was  not 
found  in  OKAN  II.,7,a 

Our  findings  considering  the  influence  of  optokinetic  pattern  velocity  on 
OKAN  I  are  in  good  agreement  with  an  earlier  study.'9  After  an  optokinetic 
stimulation  of  1  minute,  OKAN  II  was  observed  frequently.13  The  absence  of 
OKAN  II  in  our  study  probably  has  to  be  attributed  to  the  large  interindividual 
variation  of  OKAN,  as  our  subjects  showed  OKAN  II  after  2  minutes  of 
optokinetic  stimulation. 

During  the  inhibiting  interaction  of  the  aftereffects,  a  VAN  II  tendency 
subtracts  from  the  optokinetic  aftereffects.  Therefore,  the  cumulative  amplitude 
of  iAN  I  always  is  considerably  smaller  than  that  of  OKAN  I  (Figure  5).  As  VAN 
II  increases  with  acceleration,  the  inhibition  of  OKAN  I  becomes  more  effective, 
resulting  in  a  decrease  of  iAN  I  with  increasing  accelerations. 

Surprisingly,  cumulative  amplitude  of  iAN  II  is  approximately  the  same  as 
that  of  VAN  II,  although  OKAN  I  should  have  subtracted  from  VAN  II  early  after 
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the  termination  of  optokinetic  stimulation.  Since  after  an  optokinetic  stimulation 
for  1  minute,  OKAN II  frequently  is  observed,”  a  possible  explanation  would  be 
an  OKAN  II  tendency  that  might  add  to  VAN  II  and  thereby  compensate  for  the 
inhibition  by  OKAN  I.  With  enhancing  interaction  of  the  aftereffects  (eAN  I),  the 
addition  of  VAN  II  and  OKAN  I  leads  to  a  considerably  larger  cumulative 
amplitude  than  either  VAN  II  (Figure  4)  or  OKAN  I  (Figure  5)  alone.  Calcula¬ 
tions  showed  that  at  least  for  enhancing  interaction,  the  cumulative  amplitude  of 
eAN  I  is  close  to  the  algebraic  sum  of  VAN  II  and  OKAN  I  when  elicited 
separately.  So  linear  addition — earlier  proposed  for  the  interaction  of  optokinetic 
and  vestibular  inputs  during  stimulation20’21,18— also  seems  to  take  place  during 
after-nystagmus. 


Summary 

In  humans  the  influence  of  prior  vestibular  stimulation  (3,  6,  9,  12,  and 
18°/second2  for  10  seconds)  and  subsequent  whole-field  optokinetic  stimulation 
(30,  00,  90, 120,  and  180°/second  for  1  minute)  or  the  presentation  of  a  stationary 
pattern  on  after-nystagmus  (AN)  was  studied.  For  comparison,  pure  vestibular 
and  pure  optokinetic  stimuli  also  were  employed.  The  presentation  of  a  station¬ 
ary  pattern  resulted  in  suppression  of  vestibular  nystagmus,  which  recovered 
after  the  termination  of  fixation.  Fixation  during  the  period  of  AN  I  did  not 
inhibit  an  AN  II.  During  the  combinations  of  vestibular  and  optokinetic  stimuli 
when  the  elicited  vestibular  (VN)  and  optokinetic  nystagmus  (OKN)  had  the  same 
direction,  there  was  a  weak  AN  I  toward  the  direction  of  the  preceding  VN  and 
OKN,  and  a  strong  AN  II  toward  the  opposite  side.  When  VN  had  been  opposite 
to  the  subsequent  OKN,  there  was  a  strong  AN  I  toward  the  direction  of  OKN; 
AN  II  toward  the  opposite  direction  was  small  or  mostly  absent.  Thus,  AN  was 
always  stronger  into  the  direction  opposite  to  the  previously  elicited  VN,  indicat¬ 
ing  that  the  vestibular  afference  is  the  predominant  input  to  the  VAN  II- 
integrator. 
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The  dentate  nucleus  and  the  nearby  y-group  of  the  vestibular  nuclear 
complex  have  been  implicated  in  the  generation  of  vertical  eye  movements  by 
several  lines  of  evidence.  Cells  in  the  y-group  of  the  monkey  and  in  the 
homologous  region  in  cats  (referred  to  as  either  the  infracerebellar  nucleus  or  the 
y-group)  project  onto  the  oculomotor  nuclei.1-4  In  cats,  neurons  in  the  y-group, 
especially  the  dorsal  part,  are  activated  antidromically  by  electrical  stimulation 
of  the  oculomotor  nuclei.5  In  rabbits,  field  potentials  evoked  by  electrical 
stimulation  in  the  y-group  are  most  prominent  in  cell  groups  innervating  vertical 
extraocular  muscles.6  Many  studies  also  have  reported  direct  projections  from 
the  dentate  nucleus  to  the  oculomotor  nucleus,  again  particularly  to  those  cell 
groups  innervating  the  vertical  extraocular  muscles6  8  (see,  however,  References 
2  and  3).  In  alert  monkeys,  electrical  stimulation  in  the  dentate  nucleus  elicits 
upward  eye  movements.9 10  Thus  projections  from  the  y-group  and  probably  the 
dentate  nucleus  to  the  oculomotor  nucleus,  as  well  as  the  effects  of  electrical 
stimulation  in  the  dentate  nucleus,  suggest  that  these  two  structures  are  involved 
in  the  generation  of  vertical  eye  movements. 

We  investigated  the  role  of  the  dentate  nucleus  and  the  y-group  in  the 
generation  of  vertical  smooth  eye  movements  by  examining  the  relation  of  their 
neuronal  activity  to  vertical  eye  movements  and  adequate  vestibular  stimulation 
and  by  electrically  stimulating  this  region  at  sites  of  neurons  whose  activity  was 
related  to  eye  movements.  Only  our  preliminary  results  are  presented  here. 


Methods 

Three  adolescent  rhesus  macaques  (Macaco  mulatto)  were  trained  to  track  a 
small  visual  target  while  undergoing  vertical  sinusoidal  angular  acceleration. 
The  tracking  task  allowed  us  to  obtain  various  combinations  of  passive  head 
rotation  and  eye  movements.  Recordings  of  neuron  activity  were  made  in  all 
three  monkeys,  but  electrical  stimulation  was  applied  to  only  one  monkey. 

Eye  movements  were  measured  with  the  electromagnetic  search  coil  tech¬ 
nique,"  which  permitted  eye  movements  as  small  as  15  minutes  of  arc  to  be 
detected  (d.c.  to  300  Hz,  -3  dB).  The  monkey’s  experimental  situation  is  shown  in 
Figure  1.  The  monkey  sat  in  a  chair  in  a  vestibular  stimulator  with  its  head  fixed 
firmly  to  the  chair.12  The  chair,  and  with  it  the  monkey’s  head,  was  rotated 
sinusoidally  with  a  peak-to-peak  amplitude  of  20°  in  the  sagittal  plane  at  0.5  Hz 
(harmonic  distortion  less  than  3%). 

‘This  study  was  supported  by  National  Institutes  of  Health  Grants  RR00166,  EY00745, 
and  GM00260. 
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Figure  1.  Schematic  diagram  of  monkey's  experimental  situation. 


The  monkeys  tracked  a  visual  target  for  an  applesauce  reward.  The  target  was 
a  movable,  red-light-emitting  diode,  0.5  to  2°  in  diameter,  driven  by  a  servo- 
controlled  motor.  The  three  most  frequently  studied  behavioral  conditions  were 
(1)  sinusoidal  smooth  pursuit;  (2)  suppression  of  the  vestibulo-ocular  reflex 
(VOR),  which  was  obtained  during  sinusoidal  head  rotation  by  holding  the  target 
fixed  with  respect  to  the  monkey,  so  that  its  eyes  remained  stationary  in  its  head; 
and  (3)  target  stable  in  the  world  during  sinusoidal  head  rotation,  which  was 
obtained  with  the  target  fixed  in  space  to  produce  compensatory  eye  movements 
approximately  equal  and  opposite  to  head  movements. 

Extracellular  single-unit  activity  was  recorded  using  methods  previously 
described.12  In  brief,  to  permit  electrodes  to  be  introduced  into  the  brain, 
stainless-steel  chambers  were  implanted  surgically  over  holes  trephined  in  the 
skull.  The  electrode  was  guided  into  the  brain  through  a  cannula  and  advanced 
with  a  hydraulic  microdrive.  The  signal  from  the  electrode  was  amplified  using 
conventional  methods  and  recorded  on  analog  tape  for  later  analysis.  Based  on 
previous  work  using  the  same  recording  conditions,13  units  having  extracellular 
action  potentials  with  triphasic  positive-negative-positive  and  diphasic  positive¬ 
negative  waveforms  were  classified  as  fibers,  while  those  having  diphasic 
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negative-positive  waveforms  whose  time  from  onset  to  peak  positivity  was  200 
/xseconds  or  more  were  classified  as  somata. 

As  the  electrode  was  advanced,  the  monkey  continually  was  rotated  sinusoi¬ 
dally  through  ±10°  in  the  sagittal  plane  while  tracking  the  target  in  one  of  four 
conditions:  (1)  target  stable  in  the  world,  (2)  suppression  of  the  VOR,  (3)  target 
motion  in  phase  with  chair,  and  (4)  target  motion  180°  out  of  phase  with  chair  and 
about  ±25°  in  amplitude. 

Data  were  collected  only  on  units  with  activity  related  to  the  stimuli. 

In  one  monkey,  some  electrodes  were  used  for  both  recording  and  electrical 
stimulation.  Stimulation  current  was  controlled  by  a  Nuclear  Chicago  (model 
7150)  constant  current  stimulator  and  delivered  through  a  stimulus  isolation  unit 
(Tektronix  2620).  The  return  current  path  passed  through  a  surgically  implanted 
ground  wire.  Trains  of  bipolar  pulses,  each  pulse  250  ^seconds  in  duration,  were 
used.  The  current  intensities  were  either  10  or  20  ixA. 

Unit  activity  during  sinusoidal  stimulation  either  was  analyzed  using  a 
computer  with  modified  versions  of  programs  used  by  Lisberger  and  Fuchs  or 
was  written  on  high-speed  photosensitive  paper  and  analyzed  by  hand.1415  A 
more  complete  description  of  the  analysis  programs  will  be  given  in  a  paper  on 
the  quantitative  description  of  the  unit  activity  (in  preparation). 

The  responses  to  electrical  stimulation  were  analyzed  by  hand  using  high¬ 
speed  ultraviolet  recordings  of  data  previously  stored  on  the  analog  tape 
recorder. 

So  that  unit  locations  and  stimulation  sites  could  be  reconstructed,  lesions 
were  made  at  or  near  some  of  the  units  with  activity  related  to  the  stimuli.  At  the 
end  of  each  experiment,  the  monkey  was  deeply  anesthetized  and  sacrificed  by 
intracardiac  perfusion  with  saline  followed  by  10%  formalin.  The  brains  were 
frozen  and  cut  in  40->zm  frontal  sections  and  stained  with  cresyl  violet.  Unit  and 
stimulation  sites  were  reconstructed  from  their  positions  relative  to  the  lesions. 


Res;  lts 

Upward  Head  and  Eye  Velocity  Units 

In  the  y-group  and  dentate  nucleus  region,  most  units  exhibited  increases  in 
firing  rate  related  to  upward  eye  velocity  during  smooth  pursuit  (Figure  2,  eye 
movement  only)  and  upward  head  velocity  during  suppression  of  the  VOR 
(Figure  2,  head  movement  only).  When  the  rotating  monkey  fixated  a  target 
stable  in  the  world,  so  that  its  head  and  eyes  moved  in  opposite  directions,  the 
modulation  in  unit  activity  was  much  reduced  and  in  some  cases  no  significant 
modulation  remained  (Figure  2,  eye  and  head  movement).  A  total  of  51  units  with 
activity  related  to  upward  head  and  eye  velocity  (UHEV  units)  were  recorded. 
The  activity  of  31  of  these  units  showed  little  or  no  relation  to  eye  position,  while 
15  showed  substantial  sensitivity  to  eye  position  as  well  as  to  upward  head  and 
eye  velocity.  The  5  remaining  UHEV  units  yielded  insufficient  data  for  us  to 
determine  whether  activity  also  was  related  to  eye  position.  The  activity  of  most 
UHEV  units  was  related  to  saccades;  usually  the  units  fired  a  burst  of  action 
potentials  during  saccades  in  all  directions. 

The  UHEV  units  were  recorded  in  the  rostral  half  of  the  dentate  nucleus,  in 
the  y-group,  and  in  the  “white  matter”  dorsal,  lateral,  and  rostral  to  the  dentate 
nucleus.  This  white  matter  does  include  cell  bodies  (unpublished  observation). 
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Figure  2.  Discharge  characteristics  of  UHEV  unit  averaged  over  10  cycles.  During 
smooth  pursuit  (eye  movement  only),  the  peak  firing  rate  occurs  near  the  time  of  maximum 
upward  eye  velocity  (arrow).  During  suppression  of  the  VOR  (head  movement  only),  the 
peak  firing  rate  occurs  at  about  the  time  of  peak  upward  eye  velocity  (arrow).  During 
compensatory  eye  movements  (eye  and  head  movement),  there  is  little  or  no  modulation  in 
activity.  Here  and  in  Figure  4,  the  same  cycle  has  been  repeated  to  facilitate  visualization 
of  periodic  events. 


Two  of  the  lesions  made  at  the  sites  of  UHEV  units  are  shown  in  Figure  3.  Based 
on  the  waveform  of  the  action  potentials,  the  great  majority  of  the  recordings 
were  from  somata.  Thus  the  y-group,  the  dentate  nucleus,  and  the  cells  in  the 
adjacent  cerebellar  white  matter  form  a  functional  region  in  which  the  activity  of 
many  of  the  neurons  is  related  approximately  to  upward  gaze  velocity. 
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Figure  4.  Discharge  characteristics  of  down  eye  position  unit  averaged  over  10  cycles. 
During  smooth  pursuit  (eye  movement  only),  the  peak  activity  occurred  when  the  monkey 
'ooked  in  a  downward  (negative)  direction.  During  suppression  of  the  VOR  (head 
movement  only),  there  was  little  or  no  modulation  in  activity. 


Non-UHEV  Units 

In  addition  to  the  UHEV  units,  other  units  in  the  vicinity  fired  in  relation  to 
vertical  smooth  eye  movements  or  vestibular  stimulation.  Units  with  activity 
related  to  downward  eye  position  but  with  little  or  no  modulation  during 
suppression  of  the  VOR  for  rotation  in  the  sagittal  plane  (Figure  4)  were  found 
intermingled  with  UHEV  units.  The  action  potential  waveforms  indicated  that 
almost  all  of  these  unit  recordings  were  from  cell  bodies.  Twelve  units  with 
activity  related  to  downward  eye  position  were  recorded  in  or  near  the  dentate 
nucleus,  while  two  were  recorded  in  the  y-group.  Only  two  units  were  tested  for 
firing  rate  modulation  during  suppression  of  the  VOR  with  rotation  in  other 
vertical  planes,  and  the  pattern  of  response  indicated  that  the  activity  of  both  was 
strongly  related  to  rotation  in  the  coronal  plane. 

The  other  units  with  activity  related  to  eye  movements  or  vestibular  stimula¬ 
tion  usually  were  located  at  the  edge  of  the  area  containing  UHEV  units.  These 
included  eight  units  with  activity  related  to  downward  head  velocity  or  position, 
four  with  activity  related  to  upward  eye  velocity,  and  four  with  activity  related  to 
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upward  eye  movement.  Of  four  units  with  activity  related  to  both  eye  and  head 
movements,  one  had  activity  modulated  with  downward  head  and  eye  velocity. 
This  unit  was  recorded  slightly  more  caudally  than  any  UHEV  unit.  Unfortu¬ 
nately,  because  of  poor  recording  conditions,  we  were  not  able  to  determine  the 
relation  of  unit  activity  in  the  caudal  part  of  the  dentate  nucleus  to  eye 
movements  and  vestibular  stimulation. 


Electrical  Stimulation 

If  the  UHEV  units  are  premotor  neurons  involved  in  the  generation  of 
vertical  smooth  eye  movements,  then  electrical  stimulation  with  low  current 
intensity  at  the  sites  of  UHEV  units  should  elicit  vertical  smooth  eye  movements. 
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Figure  5.  Upward  eye  movements  elicited  by  microstimulation  in  the  center  of  the 
y-group.  Higher  stimulus  frequencies  produced  faster  smooth  eye  movements.  Stimulus 
train  duration  was  300  mseconds,  and  current  strength  was  20  nA. 


Application  of  trains  of  10  or  20  nA  to  three  sites  at  which  UHEV  units  had  been 
recorded  caused  the  eyes  to  rotate  smoothly  upward;  little  or  no  horizontal  eye 
movement  response  was  seen. 

If  the  firing  frequency  of  the  UHEV  units  determines  eye  velocity,  then 
increasing  the  pulse  frequency  of  electrical  stimulation  should  increase  eye 
velocity.  When  stimulus  duration  was  held  constant  at  either  300  or  500  mseconds 
and  the  pulse  frequency  was  varied  (Figure  5),  the  maximum  eye  velocity  was 
found  to  increase  with  the  stimulus  pulse  frequence  at  all  three  UHEV-unit  sites. 
These  results  support  the  hypothesis  that  UHEV  units  drive  upward  smooth  eye 
movements. 
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Conclusions 

In  the  y-group,  the  dentate  nucleus,  and  the  white  matter  rostral,  dorsal,  and 
lateral  to  the  dentate  nucleus,  neurons  were  recorded  with  activity  related  to 
upward  eye  velocity  and  upward  head  velocity.  Therefore,  based  on  the  correla¬ 
tion  of  unit  activity  with  smooth  eye  movements  and  passive  sinusoidal  rotation 
of  the  monkey,  this  region  forms  a  functional  unit.  Electrical  stimulation  in  this 
area  with  low  current  intensities  evokes  upward  smooth  eye  movements,  with  the 
velocity  of  the  response  increasing  as  a  function  of  the  frequency  of  the  stimulus. 
These  results  implicate  the  UHEV  units  in  the  generation  of  vertical  smooth 
pursuit  and  visual  modification  of  the  vertical  VOR. 

Since  many  cells  in  the  monkey’s  y-group  have  been  shown  to  project  onto 
the  oculomotor  nuclei,1,2  and  since  the  UHEV  units  were  the  only  frequently 
encountered  unit  type  with  activity  related  to  eye  movements  recorded  in  the 
y-group,  it  is  likely  that  UHEV  units  send  their  axons  to  the  oculomotor  nucleus. 
The  monkey  flocculus  contains  Purkinje  cells  with  activity  related  to  ipsilateral 
eye  velocity  and  head  velocity  and  a  group  with  activity  related  to  downward  eye 
velocity,  which  were  not  tested  during  head  rotation  in  the  sagittal  phase.14 16  The 
flocculus  projects  heavily  onto  the  y-group  in  the  monkey  (Langer,  personal 
communication),  suggesting  that  the  UHEV  units  of  the  y-group  are  modulated  by 
inhibition  from  Purkinje  cells  with  activity  related  to  downward  head  and  eye 
velocity  and  that  they  relay  this  vertical  gaze  velocity  signal  to  the  vertical 
oculomotor  neurons. 
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Introduction 

The  cerebellar  flocculus  has  relevance  to  immediate  modification  of  the 
vestibulo-ocular  reflex  by  vision.1'3  The  Purkinje  cells  in  the  flocculus  are 
activated  from  the  retina  through  not  only  the  climbing  fibers  but  also  the  mossy 
fibers.45  The  dorsal  cap  of  the  inferior  olive  is  identified  as  the  origin  of  the 
visually  driven  climbing  fibers  terminating  in  the  flocculus,  while  the  origin  of 
the  visually  driven  mossy  fibers  terminating  in  the  flocculus  is  still  open  to 
scrutiny.467 

Recently,  the  nucleus  reticularis  tegmenti  pontis  (Bechterew)  (NRTP)  has 
been  proposed  as  a  candidate  for  the  origin  of  the  visually  driven  mossy  fibers 
terminating  in  the  flocculus  in  rabbits.69  On  the  other  hand,  it  has  been  reported 
that  the  NRTP  may  be  a  relay  nucleus  of  an  optokinetic  pretectofugal  pathway 
that  does  not  reach  the  cerebellum  but  the  vestibular  nuclei.10  In  view  of  these 
findings,  a  further  study  is  necessary  on  the  precerebellar  nuclei  in  the  brain 
stem  that  terminate  as  the  mossy  fibers  in  the  flocculus. 

The  present  experiments  were  aimed  at  identifying  the  origin  of  the  mossy 
fibers  terminating  in  the  flocculus.  For  this  purpose,  histochemical  tracer  experi¬ 
ments  were  carried  out  in  cats  by  means  of  the  retrograde  axonal  transport  of 
horseradish  peroxidase  (HRP),  while  physiological  experiments  were  under¬ 
taken  to  affirm  the  observations  of  the  tracer  experiments.  Besides  these, 
optokinetic  nystagmus  (OKN)  was  investigated  to  clarify  a  role  of  the  NRTP  as  a 
candidate  for  mediating  optokinetic  effects  on  OKN. 


Methods 

HRP  (Toyobo  grade-l-C)  injections  were  tried  in  24  cats  (weighing  1-1.5  kg) 
anesthetized  with  pentobarbital  sodium  (40  mg/kg  intraperitoneally).  The  cats 
were  mounted  in  a  stereotaxic  apparatus,  and  the  bone  just  posterior  to  the 
tentorium  was  removed  to  expose  the  unilateral  cerebellar  hemisphere.  Glass 
micropipettes  (tip  diameters.  30-50  Mm)  filled  with  10%  HRP  (Tris  HC1  buffer 
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solution,  pH  8.6)  were  inserted  stereotaxically  into  the  flocculus  while  passing  a 
negative  d.c.  current  (10  //A).  HRP  was  iontophoresed  into  the  flocculus  by 
passing  a  positive  current  (2-6  mA)  at  a  frequency  of  1  Hz  for  20  minutes.  The 
conditions  for  later  histochemical  procedures  were  the  same  as  described 
previously.11 

Electrophysiological  experiments  were  performed  in  15  cats  (weighing  2-3  kg) 
anesthetized  with  an  intraperitoneal  injection  of  a  mixture  of  a-chloralose  (50 
mg/kg)  and  urethane  (0.6  g/kg).  Stimulating  electrodes  were  inserted  stereotaxi¬ 
cally  into  the  brain  stem  through  the  cerebellum.  Orthodromic  evoked  potentials 
were  recorded  from  the  flocculus  with  steel  electrodes  inserted  stereotaxically. 
The  position  of  each  electrode  was  marked  with  an  electrolytic  lesion  by  the 
passing  of  a  positive  d.c.  current  (1  mA,  for  10  seconds)  at  the  termination  of  each 
experiment,  and  the  location  of  electrode  tip  position  was  determined  histologi¬ 
cally. 

Optokinetic  responses  were  recorded  in  12  cats  (weighing  2-3  kg)  prepared 
chronically.  The  method  of  preparation  is  described  elsewhere.12  OKN  and 
visual  suppression  (VS)  of  caloric  nystagmus  were  tested  before  and  after 
destruction  of  the  NRTP  in  7  of  12  cats  and  before  and  after  destruction  of  the 
pontine  nucleus  (PN)  in  3  of  12  cats.  In  the  remaining  2  cats,  the  unilateral 
cerebellar  hemisphere  was  aspirated.  The  lesion  was  made  by  passing  a  positive 
d.c.  current  (1  mA)  for  1-2  minutes  through  a  steel  electrode  inserted  stereotaxi¬ 
cally  into  the  brain  stem.  The  methods  of  optokinetic  stimulation,  caloric  stimula¬ 
tion,  and  recording  of  eye  movement  were  the  same  as  described  previously.12'14 
Slow-phase  OKN  velocity  was  used  as  the  parameter  for  evaluating  the  optoki¬ 
netic  response.  It  was  assumed  that  OKN  slow-phase  velocity  is  equal  to  OKN 
stimulus  velocity  at  low  speeds.15  Slow-phase  velocity  was  calibrated  from  the 
eye  speed  in  response  to  a  20°/second  stimulus. 


Results 

Projection  from  the  Brain  Stem  to  the  Flocculus 

HRP  reaction  product  was  found  only  within  the  flocculus  in  11  of  the  24  cats, 
after  incubation  of  the  sections  of  the  cerebellum  in  3-3'-diaminobenzidine-H,02 
solution  (Figure  1A).  The  extent  of  HRP  reaction  product  varied  in  each  cat,  but 
could  cover  approximately  the  rostral  three-fourths  of  the  flocculus  in  these  11 
animals. 

Neurons  labeled  with  HRP  were  recognized  in  the  lateral  reticular  nucleus 
(of  the  side  ipsilateral  to  the  injection  site),  the  dorsal  cap  of  the  inferior  olive 
(contralateral),  the  inferior  central  nucleus  of  the  raphe  (bilateral),  the  perihypo- 
glossal  complex  (bilateral),  the  vestibular  nuclei  (bilateral),  the  superior  central 
nucleus  of  the  raphe  (bilateral),  the  caudal  part  of  the  dorsal  nucleus  of  the  raphe 
(bilateral)  (DNR),  and  the  NRTP  (bilateral),  in  agreement  with  the  results  of 
previous  reports6711  16  20  (Figures  IB  and  2). 

The  present  experiments  were  focused  on  the  labeled  neurons  in  the  NRTP 
and  the  caudal  part  of  the  DNR.  When  HRP  was  injected  accurately  within  the 
flocculus,  labeled  neurons  were  found  only  in  the  medial  part  of  the  NRTP 
(Figure  IB),  in  agreement  with  the  results  of  previous  reports.1116  Only  when 
diffusion  of  the  tracer  involved  the  paraflocculus  were  labeled  neurons  recog- 
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Figure  1.  A:  photograph  of  injection  site  in  the  flocculus.  B:  line  drawings  of  selected 
transverse  sections  of  the  brain  stem.  The  distance  from  each  section  to  the  other  is  0.48 
mm.  For  each  section,  a  dot  represents  an  HRP-labeled  neuron.  Abbreviations:  FL, 
flocculus;  IC,  inferior  colliculus;  MLF,  medial  longitudinal  fasciculus;  NCS,  superior 
central  nucleus  of  the  raphe;  NRT,  nucleus  reticularis  tegmenti  pontis;  P,  pyramidal  tract: 
PFL.  paraflocculus;  Po,  pontine  nucleus.  C  and  D:  dark  field  ( x  130)  and  bright  field  |x260l 
photomicrograph  of  HRP-labeled  neurons  in  the  NRTP. 


nized  in  the  processus  tegmentosus  lateralis  and  PN.  Even  when  a  fairly  large 
amount  of  HRP  was  injected  only  within  the  flocculus,  only  few  labeled  neurons 
could  be  found  in  the  NRTP  (Figure  IB).  These  findings  suggest  that  the  NRTP 
may  project  weakly  to  the  flocculus. 

The  neurons  in  the  DNR  are  medium  sized  and  multipolar.21  Medium-sized 
and  multipolar  neurons  were  labeled  with  HRP  in  the  small  area  along  the 
midline  of  the  brain  stem  (Figure  2B).  This  area  corresponded  to  the  most  caudal 
part  of  the  DNR.  A  fairly  large  number  of  labeled  neurons  could  be  counted. 
Even  when  a  large  amount  of  HRP  was  injected  only  into  the  flocculus  or  when 
the  diffusion  of  tracer  involved  the  paraflocculus,  no  labeled  neurons  could  be 
recognized  in  the  rostral  part  of  the  DNR. 
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Figure  2.  Line  drawings  of  selected  transverse  sections  of  the  brain  stem.  For  each 
section,  a  dot  represents  two  HRP-labeled  neurons.  The  distance  of  each  section  to  the 
other  is  1.2  mm  in  A  and  0.36  mm  in  B,  respectively.  Abbreviations:  BC,  brachium 
conjunctivum;  BP,  brachium  pontis;  G,  genu  of  facial  nerve:  INT,  nucleus  intercalates; 
IVN,  inferior  vestibular  nucleus;  LVN,  lateral  vestibular  nucleus:  MLF,  medial  longitudi¬ 
nal  fasiculus;  MVN,  medial  vestibular  nucleus;  NRT,  nucleus  reticularis  tegmenti  pontis; 
PH,  nucleus  prepositus  hypoglossi;  SVN,  superior  vestibular  nucleus;  Vm,  motor  trigeminal 
nucleus;  Vme,  mesencephalic  trigeminal  nucleus;  VI,  abducens  nucleus;  Vlln,  facial  nerve; 
X,  vagal  nucleus;  XII,  hypoglossal  nucleus. 


Field  Potentials  in  the  Flocculus  following  NRTP  and  DN R  Stimulation 

The  projections  from  the  NRTP  and  the  most  caudal  part  of  the  DNR  to  the 
flocculus  mentioned  in  the  preceding  paragraph  were  affirmed  by  electrophysio- 
logical  experiments.  Electrical  stimulation  (pulse  width,  0.05  msecond)  of  the 
NRTP  elicited  orthodromic  evoked  potentials  in  the  flocculus  contralateral  to  the 
stimulating  site,  which  were  characterized  by  negative  potentials  with  two 
components  occurring  at  a  peak  latency  of  0.8  msecond  and  of  1.5  mseconds 
(Figure  3A).  This  response  followed  the  stimulus  to  frequencies  as  high  as  50  Hz. 
As  shown  in  Figure  3B,  the  positions  of  the  stimulating  electrode,  with  threshold 
current  of  lower  than  150  nA,  were  limited  to  one  area  of  the  NRTP.  The  lowest 
threshold  was  50  nA.  Furthermore,  electrical  stimulation  of  the  NRTP  could  not 
elicit  evoked  potentials  in  the  flocculus  ipsilateral  to  the  stimulating  site. 

On  the  other  hand,  electrical  stimulation  (pulse  width,  0.05  msecond)  of  the 
most  caudal  part  of  the  DNR  also  elicited  evoked  potentials  in  the  flocculus, 
which  were  characterized  by  negative  potentials  occurring  at  a  peak  latency  of 
2-2.6  mseconds  (Figure  4A)  and  following  stimulation  frequencies  of  as  high  as 
50  Hz.  The  positions  of  the  stimulating  electrode,  with  threshold  current  of  lower 
than  150  fiA,  were  limited  to  the  most  caudal  part  of  the  DNR  (Figure  48  and  C). 


Kawasaki  et  al.:  Brain-Stem  Projection 


459 


The  lowest  threshold  current  was  60  *zA.  It  should  be  noted  that  extracellular 
unitary  spikes  activated  antidromically  by  electrical  stimulation  of  the  flocculus 
were  recorded  in  the  region  corresponding  to  the  area  where  the  threshold 
current  for  the  evoked  potentials  was  lower  than  150  tiA  (not  illustrated). 


Effect  of  NRTP  Lesion  on  Optokinetic  Responses 

In  order  to  clarify  a  role  of  the  NRTP  in  optokinetic  responses,  OKN  and  VS 
of  caloric  nystagmus  were  tested  in  seven  cats  with  NRTP  lesion,  three  cats  with 
PN  lesion,  and  two  unilaterally  hemicerebellectomized  cats,  respectively. 

After  destruction  of  the  NRTP,  slow-phase  OKN  velocity  toward  the  direction 
ipsilateral  to  the  lesion  site  did  not  increase  as  the  OKN  stimulus  velocity 
increased  (Figure  5A),  while  slow-phase  OKN  velocity  fell  in  the  normal  range 
in  the  cats  with  PN  lesion  (Figure  5C).  These  findings  suggest  that  the  NRTP  may 
have  relevance  to  optokinetic  responses  in  cats.  It  should  be  noted,  however,  that 
the  impaired  pattern  of  slow-phase  OKN  velocity  in  the  cats  with  NRTP  lesion 
was  different  from  that  in  the  unilaterally  hemicerebellectomized  cats:  the 
slow-phase  OKN  velocity  was  approximately  in  the  normal  range  at  the  OKN 
stimulus  velocities  of  less  than  30°/second  in  the  hemicerebellectomized  cats 
(Figure  5D);  in  the  cats  with  NRTP  lesion,  it  fell  in  a  lower  range  than  normal 
even  at  an  OKN  velocity  of  10°/second  (Figure  5C), 

The  impairment  of  OKN  in  the  cats  with  NRTP  lesion  persisted  for  more  than 
three  weeks  after  the  lesion  had  been  made,  while  loss  of  VS  of  caloric 


A  B 


Figure  3.  Field  potentials  in  the  flocculus  evoked  by  electrical  stimulation  of  the  NRTP. 
A:  field  potentials  in  the  flocculus  evoked  by  electrical  stimulation  (150  mA)  of  the  medial 
part  of  the  NRTP  contralateral  to  the  recording  site.  Potentials  were  averaged  during  10 
successive  sweeps  at  a  rate  of  1  Hz.  B:  line  drawing  of  a  sagittal  section  of  the  brain  stem 
showing  a  stimulating  electrode  track,  which  is  indicated  by  a  line  drawn  in  the  dorsoven- 
tral  direction.  Diagonal  lines  between  A  and  B  indicate  that  a  response  in  A  was  recorded  at 
a  region  where  a  diagonal  line  crosses  the  electrode  track  in  B.  Abbreviations:  NRT, 
nucleus  reticularis  tegmenti  pontis;  Po,  pontine  nucleus. 


460  Annals  New  York  Academy  of  Sciences 


1mm 


Figure  4.  Field  potentials  in  the  flocculus  evoked  by  electrical  stimulation  of  the  most 
caudal  part  of  the  DNR.  A:  field  potentials  evoked  by  electrical  stimulation  (150  (/A)  of  the 
most  caudal  part  of  the  DNR.  Potentials  were  averaged  during  10  successive  sweeps  at  a 
rate  of  1  Hz.  B:  relation  between  the  depth  of  the  stimulating  electrode  and  the  threshold 
current.  The  number  at  the  left  of  the  ordinate  indicates  the  depth  from  the  surface  of  the 
cerebellum.  C:  histological  verification  of  the  stimulated  site  of  the  lowest  threshold  in  B. 
This  section  corresponds  well  with  motor  trigeminal  nuclear  levels  of  Figure  2B.  Abbrevia¬ 
tions:  SO,  superior  olive:  TB,  trapezoid  body;  Vm,  motor  trigeminal  nucleus. 

nystagmus  was  transient  in  all  cats  with  NRTP  lesion  (not  illustrated)-— it  was 
observed  only  for  a  few  days  after  the  lesion  was  made. 


Discussion 

Projection  from  the  NRTP  to  the  Flocculus 

The  projection  from  the  NRTP  to  the  flocculus  was  bilateral  with  a  contralat¬ 
eral  preponderance  (Figure  IB).  Only  few  neurons  labeled  with  HRP  were 
found  in  the  medial  part  of  the  NRTP,  in  agreement  with  the  results  of  previous 
reports.1"*  In  rabbits,  however,  large  numbers  of  neurons  labeled  with  HRP 
were  recognized  in  the  NRTP,  including  the  processus  tegmentosus  lateralis.*'20 
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This  discrepancy  may  be  due  either  to  a  difference  in  animal  species  or  to 
whether  or  not  the  tracer  diffused  to  the  paraflocculus.1116,20 

A  projection  from  the  medial  part  of  the  NRTP  to  the  contralateral  flocculus 
may  be  supported  by  the  electrical  experiments:  electrical  stimulation  of  the 
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Figure  5.  The  gain  of  OKN  in  normal,  NRTP-lesioned,  PN-lesioned,  and  hemicerebel- 
lectomized  cat.  The  hatched  area  indicates  the  normal  range  of  the  slow-phase  OKN 
velocity  obtained  from  12  cats  before  the  lesion  was  made.  A:  the  relation  between 
slow-phase  OKN  velocity  and  OKN  stimulus  velocity  (OKN  stimulus  toward  the  right  and 
slow-phase  eye  movement  toward  the  right)  in  5  cats  with  the  right-side  NRTP  lesion.  Note 
that  the  slow-phase  OKN  velocity  toward  the  lesion  site  is  clearly  in  a  lower  range  than 
normal,  even  at  OKN  stimulus  velocities  of  less  than  20°/second  in  cats  with  the  NRTP 
lesion,  except  one  cat.  In  this  cat,  only  the  caudal  part  of  the  NRTP  was  found  to  be  affected 
by  the  lesion.  B:  schematic  representation  of  the  lesion  site  in  the  brain  stem.  The  lesion  site 
was  found  in  the  rostral  half  of  the  NRTP.  Abbreviations:  IC,  inferior  colliculus;  NRT, 
nucleus  tegmenti  pontis;  Lt,  left;  Rt,  right.  C:  the  relation  between  slow-phase  OKN  velocity 
and  OKN  stimulus  velocity  in  3  cats  with  PN  lesion.  Slow-phase  OKN  velocity  fell  in  the 
normal  range  in  these  cats.  D:  the  relation  between  slow-phase  OKN  velocity  and  OKN 
stimulus  velocity  (OKN  stimulus  toward  the  right  and  slow-phase  eye  movement  toward 
the  left)  in  2  cats  with  hemicerebellectomy  on  the  right-hand  side.  Note  that  slow-phase 
OKN  velocity  is  approximately  in  the  normal  range  at  the  lower  OKN  stimulus  velocities  of 
less  than  30°/second,  while  it  is  in  a  lower  range  than  normal  at  the  higher  OKN  stimulus 
velocities  of  more  than  40°/second. 
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medial  part  of  the  NRTP  elicited  evoked  potentials  in  the  flocculus  contralateral 
to  the  stimulating  site,  while  stimulation  of  the  lateral  part  of  the  NRTP  did  not. 
Furthermore,  the  threshold  current  evoking  field  potentials  in  the  flocculus  was 
lower  than  150  nA  (Figure  3A)  and  the  positions  of  stimulating  electrode,  with 
threshold  current  of  lower  than  150  /iA,  were  limited  to  the  medial  part  of  the 
NRTP. 

Regarding  the  possibility  for  transmission  of  visual  information  to  the  floccu¬ 
lus  via  the  NRTP,  it  seems  that  most  of  these  transmissions  may  be  mediated 
through  the  pretectum,  which  sends  fibers  to  the  medial  part  of  the  NRTP,  while 
some  may  be  mediated  through  the  superior  colliculus,  which  sends  fibers  to  the 
mediodorsal  part  of  the  NRTP.22'25  These  areas  project  in  turn  to  the  flocculus.11 16 
This  pathway  may  be  a  part  of  the  route  responsible  for  visually  induced  mossy 
fiber  potentials  in  the  flocculus.5 


Projection  from  the  Caudal  Part  of  the  DNR  to  the  Flocculus 

A  projection  of  the  DNR  to  the  cerebellum  has  not  been  described  anatomi¬ 
cally,  except  for  our  preliminary  report.11  A  projection  of  the  most  caudal  part  of 
the  DNR  to  the  flocculus  may  be  supported  by  several  findings  obtained  from  the 
stimulation  experiments.  First,  the  threshold  current  necessary  to  evoke  field 
potentials  m  the  flocculus  was  low,  with  60  tiA  being  the  lowest  threshold  current 
(Figure  4A  and  B).  Second,  the  positions  of  the  stimulating  electrode,  with 
threshold  current  of  lower  than  150  nA,  were  limited  to  a  small  area  correspond¬ 
ing  to  the  most  caudal  part  of  the  DNR  (Figure  4C).  Third,  antidromic  extracellu¬ 
lar  unit  activities  induced  by  electrical  stimulation  of  the  flocculus  were  recorded 
in  the  most  caudal  part  of  the  DNR. 

Regarding  a  function  of  the  projection  of  the  most  caudal  part  of  the  DNR  to 
the  flocculus,  it  seems  that  the  most  caudal  part  of  the  DNR  may  be  involved  in 
eye  movement  control,  since  this  region  appears  to  correspond  to  the  recording 
site  of  the  pause  unit  reported  by  Raybourn  and  Keller  and  Evinger  et  al.,  which 
ceased  its  firing  during  saccade  eye  movements.28  27  Furthermore,  units  activated 
by  both  sinusoidal  rotation  stimulation  and  antidromic  electrical  stimulation  of 
the  flocculus  also  were  recorded  in  the  vicinity  of  the  caudal  part  of  the  DNR.28 
On  the  other  hand,  retinal  ganglion  cells  having  y-cell  type  characteristics  send 
their  axons  to  the  DNR.29  These  cells  have  been  known  to  be  sensitive  to  rapidly 
moving  stimuli.30  There  exists  another  possibility— that  the  visual  information 
relevant  to  rapidly  moving  stimuli  may  be  mediated  via  the  DNR  to  the 
flocculus. 


Role  of  the  NRTP  in  OKN 

In  the  present  experiments,  NRTP  and  PN  lesions  were  made  by  the  same 
method:  the  lesion  was  made  by  the  passing  of  a  positive  d.c.  current  through  a 
steel  electrode  inserted  stereotaxically  into  the  brain  stem  through  the  cerebel¬ 
lum.  The  lesion  site  in  the  PN  was  about  3  mm  below  the  NRTP.  In  spite  of  this 
fact,  PN  lesion  did  not  produce  any  effect  on  optokinetic’ responses,  while  NRTP 
lesion  impaired  slow-phase  OKN  velocity  (Figure  5A  and  C).  These  findings 
suggest  that  the  NRTP  may  have  an  important  role  in  induction  of  optokinetic 
responses.  It  should  be  emphasized  that  the  impaired  pattern  of  slow-phase  OKN 
velocity  in  the  cats  with  NRTP  lesion  was  different  from  that  in  the  hemicerebel- 
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lectomized  cats  (Figure  5A  and  D).  This  finding  was  consistent  with  those  in 
previous  reports.1015  Furthermore,  in  patients  with  a  cerebellar  tumor,  slow- 
phase  OKN  velocity  was  impaired  at  higher  OKN  stimulus  velocities,  while  it 
was  normal  at  lower  OKN  stimulus  velocities.31  These  facts  lead  us  to  suppose 
that  the  cerebellum  may  not  be  essential  for  elicitation  of  OKN  at  lower  OKN 
stimulus  velocities  and  that  the  NRTP  may  be  a  relay  nucleus  mediating  visual 
information  relevant  to  OKN  not  to  the  flocculus  but  to  the  vestibular  nuclei.  This 
view  may  be  supported  by  the  results  reported  by  Precht  and  Strata.10 


Candidate  for  the  Precerebellar  Nucleus  Relevant  to  Optokinetic  Responses 

In  the  present  experiments,  the  precerebellar  nucleus  that  processes  optoki¬ 
netic  responses  could  not  be  determined.  However,  it  seems  that  the  DNR  may 
be  a  candidate  for  one  of  the  precerebellar  nuclei  mediating  visual  information 
relevant  to  optokinetic  responses  to  the  flocculus,  since  ganglion  cells  having 
y-cell  type  characteristics  send  fibers  to  the  DNR  and  y-cells  in  the  retina  are 
sensitive  to  rapidly  moving  stimuli.29,30  It  seems  very  probable  that  a  pathway 
mediating  this  kind  of  visual  information  to  the  flocculus  has  an  important  role  in 
optokinetic  responses  to  rapidly  moving  stimuli  and  that  an  interruption  of  this 
pathway  may  cause  impairment  of  slow-phase  OKN  velocity  at  higher  OKN 
stimulus  velocities. 
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Introduction 

Recent  single-unit  studies  in  monkeys,  trained  to  track  a  slowly  moving  visual 
target,  implicate  the  cerebellar  flocculus  in  the  control  of  smooth-pursuit  eye 
movements.1"4  A  smooth-pursuit  eye  movement  is  the  result  of  an  attempt  to 
match  the  angular  velocity  of  eye  movement  to  the  velocity  of  a  moving  object, 
and  consequently  the  object’s  image  is  held  relatively  stationary  on  the  moving 
retina.  It  has  been  observed  that  discharge  rates  of  some  Purkinje  cells  in  the 
flocculus  are  modulated  typically  in  relation  to  the  velocity  of  eye  movements 
during  smooth  pursuit  in  the  absence  of  head  rotation.23  In  this  situation,  since 
the  image  of  the  object  moves  with  the  retina,  the  modulation  in  Purkinje  cell 
activity  reflects  primarily  eye  velocity  signals  arising  in  the  oculomotor  system. 
On  the  other  hand,  when  eye  velocity  is  smaller  than  object  velocity,  the  eye 
movement  lags  behind  the  moving  object  and  there  occurs  slippage  of  its  retinal 
image.  The  velocity  of  the  moving  object  then  corresponds  to  the  algebraic  sum  of 
eye  velocity  and  retinal  image  velocity.  Neural  activity  reflecting  the  sum  of  such 
velocity  signals  should,  therefore,  be  observed  in  some  brain  structures  thought  to 
be  constituents  of  the  smooth-pursuit  system.  In  order  to  qualify  as  a  part  of  the 
smooth-pursuit  control  system,  the  flocculus  may  have  to  receive  information 
about  retinal  image  motion  from  the  visual  system.  The  existence  of  visual  inputs 
to  the  flocculus  of  the  monkey  has  been  reported. M,s  However,  partially  because 
the  fibers  carrying  visual  information  comprise  only  a  small  percentage  of  the 
afferent  fibers,  the  properties  of  visual  input  signals  to  the  monkey  flocculus 
mostly  are  unknown.  The  aim  of  the  present  investigation  was  to  study  the 
characteristics  of  visual  signals  that  are  brought  to  the  flocculus  of  the  monkey. 


Methods 

The  present  study  was  based  on  19  visually  responsive  mossy  fiber  units, 
which  were  selected  from  a  total  of  1,858  units  recorded  from  the  flocculus  of 
seven  monkeys  (Macaco  nemestrina).  Among  the  1,858  units,  116  units  were 
identified  as  mossy  fibers  on  the  basis  of  the  criteria  used  in  a  preceding  study.7  A 
detailed  account  of  the  surgical  procedures  for  implanting  electro-oculogram 
(EOC)  electrodes,  experimental  condition,  procedures  for  training  monkeys,  and 
methods  of  recording  neuronal  activity  together  with  the  EOGs  and  anatomical 
locations  of  recording  sites  are  described  elsewhere.3  ’  In  brief,  the  monkeys  were 
trained  to  fixate  a  small  spot  of  red  light,  which  was  generated  from  a  neon  laser. 
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The  dispensing  of  a  juice  reward  was  contingent  upon  the  release  of  a  lever 
during  a  brief  presentation  of  a  green  spot  following  the  red-spot  period. 

During  an  experiment,  a  monkey  was  seated  in  a  primate  chair  designed  to 
offer  a  clear  view  of  the  central  30°  from  the  midgaze  point.  By  inserting  two 
pairs  of  bars  into  two  transverse  tubes  on  the  skull,  the  head  of  the  monkey  was 
affixed  to  a  frame  that  provided  support  for  the  chair.  This  system  resulted  in 
complete  immobilization  of  the  head  without  application  of  painful  pressure  and 
prevented  dynamic  input  signals  from  the  labyrinths.  The  animal  was  placed  in  a 
small  room  facing  a  window  that  had  been  furnished  with  a  rear- projection 
screen.  When  the  animal  was  placed  57  cm  from  it,  the  screen  subtended  110°  of 
the  visual  angle  horizontally  and  90°  vertically.  A  background  random-dot 
pattern  (interspot  luminance:  0.035  ft-L)  was  projected  on  and  filled  the  tangent 
screen.  When  the  visual  pattern  was  not  projected,  the  small  room  was 
completely  dark.  In  order  to  test  responses  of  units  to  visual  stimulation,  the 
random-dot  background  was  moved  sinusoidally  during  fixation  of  a  stationary 
target  presented  at  the  midgaze  position  of  the  screen.  The  velocity  of 
background  movement  typically  was  within  the  range  of  monkey’s  smooth- 
pursuit  eye  movement.  The  most  commonly  used  background  movements  were 
sinusoidal  oscillations  in  the  horizontal  plane  between  10°  right  and  10°  left  at 
frequencies  from  0.1  Hz  to  0.7  Hz. 


Results 

Mossy  fibers  showing  responses  to  movements  of  the  random-dot  background 
were  encountered  in  the  white  matter  of  the  flocculus.  Out  of  116  mossy  fiber 
units,  19  responded  to  movements  of  visual  patterns.  The  others  discharged  in 
bursts  associated  with  saccadic  eye  movements.  The  bursts  with  saccades 
persisted  even  in  complete  darkness,  indicating  that  they  represented  signals 
related  to  oculomotor  activity  and  did  not  reflect  quick  retinal  image  motion  that 
accompanied  the  rapid  motion  of  the  eyes  during  saccades.  Details  of  the 
discharge  patterns  of  mossy  fibers  in  relation  to  saccadic  eye  movements  already 
have  been  described.7  Visually  responsive  mossy  fiber  units  studied  in  the 
present  experiment  were  intermingled  with  these  saccade-related  mossy  fibers. 

A  common  feature  of  the  responses  of  visual  mossy  fiber  units  was  directional 
selectivity.  Each  unit  had  a  preference  for  the  direction  of  stimulus  movement 
and  showed  a  vigorous  response  only  when  the  stimulus  moved  in  the  preferred 
direction.  Stimulus  movements  in  the  other  direction  usually  were  not  associated 
with  discharges.  The  second  and  perhaps  more  important  feature  of  the 
responses  was  their  sensitivity  to  the  velocity  of  stimulus  movements  in  the 
velocity  range  of  smooth-pursuit  eye  movements.  Based  on  whether  or  not  the 
unit  activity  was  related  to  changes  in  the  velocity  of  sinusoidal  stimulus 
movement  less  than  50°/second,  the  visual  mossy  fiber  units  were  classified  into 
two  groups.  The  first  group  showed  only  directional  selectivity,  and  the  second 
group  showed  both  directional  preference  and  velocity  sensitivity. 


Direction-Only  Visual  Mossy  Fibers 

Of  the  19  mossy  fiber  units,  visual  responses  of  7  units  were  observed  to 
convey  direction,  but  not  velocity,  information.  These  responses  were  character¬ 
ized  by  discharges  when  the  background  was  moved  in  a  specific,  preferred 
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direction.  Regardless  of  whether  the  background  movement  was  sinusoidal  or 
triangle  waveform,  the  units  showed  an  early  peak  in  discharge  rates  with  a 
latency  between  100  and  200  mseconds  from  the  changes  in  direction  of 
background  movements  (turnabout).  The  early  peak  was  prominent  in  some  units 
(4  units)  and  was  not  in  others  (3  units)  but  always  was  followed  by  a  plateau  or  a 
gradual  downhill  activity.  There  was  no  elevation  at  the  midway  where  sinusoi¬ 
dal  movements  reached  the  peak  velocity.  Movements  in  the  nonpreferred 
direction  always  were  associated  with  almost  complete  silence.  When  tested  with 
constant-velocity  triangle-waveform  movements,  the  responses  almost  were 
identical  with  those  to  sinusoidal  movements,  indicating  that  these  units  did  not 
respond  to  the  sinusoidal  change  in  velocity.  The  units  also  showed  analogous 
responses  even  when  the  frequency  of  sinusoidal  movement  was  changed 
without  changing  the  magnitude  of  the  oscillation  (or  changing  the  magnitude  at 
the  same  frequency,  hence  changing  the  peak  velocity  of  the  sinusoidal  move¬ 
ment). 

Figure  l  shows  an  example  of  direction-only  visual  mossy  fiber  units.  Figure 
1A  shows  the  original  film  record  of  instantaneous  discharge  rate  (IR),  spikes, 
horizontal  (H)  and  vertical  (V)  EOGs,  and  background  motion  signal  (Bg).  Figure 
IB  shows  rasters,  displaying  response-to-response  variation  and  the  time  course 
of  the  responses.  Figure  1C  shows  phase  histograms,  illustrating  activity  changes 


A 
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Figure  1.  Responses  of  a  mossy  fiber  unit  to  sinusoidal  background  movements.  A: 
original  film  record,  showing  instantaneous  discharge  rates  (IR),  spike  train,  horizontal  (H) 
and  vertical  (V)  EOGs,  and  background  position  (Bg)  signals.  Upward  shifts  of  the 
horizontal  and  vertical  EOGs  and  the  background  position  signals  in  this  and  the  following 
figures  indicate  movements  to  the  right,  up,  and  right,  respectively.  B:  raster,  showing 
temporal  relationship  between  the  discharges  and  stimulus  movements.  Responses  are 
aligned  with  respect  to  the  right-to-left  turnabout.  C:  phase  histograms,  showing  the  change 
in  discharge  rate  with  background  position.  To  facilitate  visualization,  responses  to 
consecutive  two  cycles  were  sampled  and  displayed. 
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Figure  2.  Responses  of  a  mossy  fiber  unit  to  sinusoidal  background  movements.  A: 
original  film  record,  showing  instantaneous  discharge  rate  |IR),  spike  train,  horizontal  (H) 
and  vertical  (V)  EOGs,  and  background  position  (Bg)  signals.  Note  that  the  peak  activity 
appeared  approximately  in  phase  with  the  peak  velocity  of  the  background  movements  to 
the  left.  B:  a  raster,  showing  temporal  relationship  between  the  discharges  and  stimulus 
movements.  Responses  are  aligned  with  respect  to  the  right-to-left  turnabout.  C:  phase 
histogram,  showing  the  change  in  discharge  rate  in  relation  to  the  change  in  background 
position. 


with  respect  to  the  cycle  of  sinusoidal  background  movements.  The  response 
started  with  a  burst,  which  decayed  gradually  and  occasionally  finished  even 
before  the  turnabouts,  as  seen  in  the  last  response  of  the  film  record.  The  latency 
of  the  peak  activity  with  respect  to  the  turnabouts  varied  from  cycle  to  cycle,  as 
evidenced  in  the  rasters.  The  latency  of  the  first  spike  of  the  bursts  measured 
from  the  turnabouts  ranged  from  78  to  107  mseconds,  with  a  mean  of  96.5 
mseconds.  For  the  seven  direction-only  mossy  fiber  units,  sinusoidal  background 
movements  at  0.5  Hz  were  associated  with  an  average  latency  of  102  mseconds 
(range:  85  to  157  mseconds). 


Direction-  and  Velocity-Related  Visual  Mossy  Fibers 

In  12  out  of  the  19  visual  mossy  fibers,  responses  were  related  also  to  the 
sinusoidal  changes  in  the  velocity  of  the  stimulus  movements.  When  tested  with 
sinusoidal  background  movements,  discharges  of  these  units  started  with  short 
latencies  after  the  turnabouts  and  increased  along  with  the  sinusoidal  increment 
of  the  velocity  up  to  the  point  of  maximum  velocity,  and  then— again  with  short 
latencies— the  firing  rate  started  to  slow  down  and  returned  to  zero  after  the 
background  started  moving  in  the  opposite  direction.  Within  the  velocity  range  of 
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monkey's  smooth-pursuit  eye  movements  (from  0  to  about  50°/second),  the 
discharge  rates  of  this  group  of  mossy  fibers  were  related  to  the  velocity.  As  the 
frequency  of  sinusoidal  movements  was  increased,  without  changing  the  magni¬ 
tude  of  the  oscillation,  the  peak  discharge  rates  increased  monotonically  with 
higher  frequencies. 

A  typical  example  of  a  visual  mossy  fiber  unit,  showing  velocity-related 
activity,  is  shown  in  Figure  2.  In  response  to  sinusoidal  movements  of 
background,  the  unit  discharged  when  it  was  moved  to  the  left  (A).  The  raster  (B) 
shows  the  temporal  relationship  of  the  responses  with  respect  to  background 
movements.  The  delays  of  the  first  spikes  from  the  right-to-left  turnabout  ranged 
from  75  to  145  mseconds,  with  a  mean  of  112  mseconds.  The  phase  histogram  (C), 
evaluated  from  30  cycles  of  sinusoidal  movements,  showed  that  the  peak 
discharge  rate  appeared  with  a  phase  lag  slightly  more  than  *72  radians  from  the 
turnabout.  The  modulation  in  activity  reflected  the  sinusoidal  changes  in  the 
velocity  of  background  movements  in  a  range  from  0  to  about  35°/second  at  0.5 
Hz.  The  sensitivity  to  the  stimulus  velocity  was  about  5.2  spikes/second  per 
degree/second.  The  response  of  the  unit  exhibited  a  frequency  dependency,  with 
peak  discharge  rates  of  70, 108, 145, 180,  and  210  spikes/second  being  observed  at 
0.2, 0.3, 0.4, 0.5,  and  0.6  Hz  (magnitude  of  oscillation:  20°),  respectively. 

Figure  3  shows  another  example  of  a  velocity-sensitive  visual  mossy  fiber, 


(radians ) 


Figure  3.  Responses  of  a  mossy  fiber  unit  to  sinusoidal  movements  of  the  background.  A: 
discharges  during  spontaneous  eye  movements  in  total  darkness.  Note  that  spontaneous 
discharge  rate  was  about  3  spikes/second.  B:  discharges  during  fixation  of  a  stationary 
target  while  the  background  was  oscillated  sinusoidally  at  approximately  0.5  Hz.  C:  raster, 
showing  responses  during  13  repetitions  of  two  cycles  of  background  movements.  D:  phase 
histograms.  Note  that  the  firing  started  before  the  nonpreferred  to  preferred  turnabout  of 
stimulus  movements. 
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exhibiting  activity  changes  in  relation  to  sinusoidal  movements  of  the  random- 
dot  background.  During  spontaneous  saccades  and  fixation  in  complete  darkness, 
the  unit  discharged  randomly  at  2-3  spikes/ second  (A).  There  was  no  discharge 
associated  with  saccadic  eye  movements.  When  background  was  moved  sinusoi¬ 
dally  at  0.5  Hz  during  steady  fixation  of  a  stationary  target,  the  unit  discharged 
with  the  background  movement  to  the  left  (B).  The  rasters  (B)  and  the  phase 
histograms  (C)  show  that  discharge  rates  reflected  the  sinusoidal  changes  in  the 
velocity  of  background  movements.  Although  the  unit  discharged  predominantly 
with  the  movement  to  the  left,  the  responses  started  even  before  the  change  in 
direction  of  background  movements.  In  contrast  with  the  relatively  simple 
velocity-sensitive  mossy  fibers  as  exemplified  in  Figure  2,  this  unit  responded 
more  exactly  to  the  changes  in  the  velocity  of  sinusoidal  motion.  The  responses  of 
the  unit  shown  in  Figure  2  had  certain  latencies  in  both  the  start  and  the  end  as 
well  as  in  the  peak  with  respect  to  the  turnabouts  and  the  maximum  stimulus 
velocity,  respectively.  Such  latencies  were  not  observed  in  this  unit.  Similar 
responses  were  found  also  in  four  other  units.  Fourier  analyses  revealed  that  the 
fundamental  components  of  such  half-sinusoidal  visual  responses  had  44°  phase 
lag  relative  to  the  background-movement  curve.  The  other  four  units  also  showed 
similar  phase  lags,  ranging  from  42.7°  to  46.3°,  with  a  mean  value  of  44.3°. 
Therefore,  their  activity  curves  almost  were  in  phase  with  the  velocity  curve  of 
the  sinusoidal  stimulus  movements.  With  available  data,  there  is  no  convincing 
explanation  at  present  as  to  how  the  latencies  of  visual  inputs  were  compensated 
to  match  the  velocity  of  the  stimulus  movements.  As  to  the  firings  before  the 
turnabout,  it  may  well  be  that  inhibitory  visual  signals  also  converge  on  the  same 
mossy  fiber  unit  during  stimulus  movements  in  the  nonpreferred  direction.  The 
spontaneous  discharge  rate  was  about  2.5  spikes/second  in  this  unit  (A).  During 
movements  in  the  nonpreferred  direction,  discharge  rate  fell  down  to  zero, 
suggesting  the  possibility  of  suppression  by  the  inhibitory  inputs. 

When  velocity-sensitive  visual  mossy  fibers  were  tested  with  sinusoidal 
movements  of  the  background,  their  responses  were  characterized  by  smooth 
elevation  of  discharge  rates,  which  reached  a  peak  approximately  at  the  maxi¬ 
mum  velocity.  The  response  curves  in  these  cases  had  a  phase  lag  of  about  45°  (or 
t/2  radians)  relative  to  the  stimulus  curve  (background  motion).  When  the  same 
units  were  tested  with  triangle-waveform  movements  (constant  velocity),  their 
responses  were  associated  with  an  early  peak,  which  was  followed  by  a  plateau. 
Examples  of  such  responses  are  seen  in  Figure  4,  where  discharges  of  a  mossy 
fiber  unit  during  sinusoidal  (A)  and  triangle- wave  (B)  movements  of  the  random- 
dot  background  are  illustrated.  It  is  clear  that  the  response  curve  of  the  unit 
during  constant-velocity  stimulation  almost  was  identical  with  those  of  direction- 
only  mossy  fiber  units  (Figure  1).  When  latencies  of  the  responses  were 
measured  from  the  turnabout  of  ramp  background  movements,  they  varied  from 
86.2  mseconds  to  121.4  mseconds,  with  a  group  mean  of  108.3  mseconds  (for  all 
visual  mossy  fibers). 

Based  on  the  difference  of  whether  or  not  the  unit  was  sensitive  to  sinusoidal 
changes  in  velocity  in  a  range  up  to  50°/second  (e.g.,  0.8  Hz;  magnitude,  20°), 
visual  mossy  fibers  were  classified  into  direction-only  or  direction-and-velocity 
sensitive  units.  In  individual  units,  however,  the  responses  were  not  always 
clear-cut.  A  continuous  variation  occurred  in  the  responses  that  filled  the  gap 
between  the  two  classes  of  units.  Reading  raw  data  frequently  did  not  provide  an 
indication  of  whether  a  unit  was  sensitive  to  velocity  or  not  in  many  units. 
Velocity-related  activity  could  be  seen  in  such  units  only  after  processing  the 
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Figure  4.  Responses  of  a  visual  mossy  fiber  to  sinusoidal  (A)  and  ramp  (B)  movements  of 
the  background.  Discharge  rates  in  the  phase  histograms  were  evaluated  from  30  repeti¬ 
tions  of  two  cycles  of  stimulus  movements. 


responses  to  repeated  trials.  FIGURE  5  shows  an  example.  In  response  to  ramp 
movements  at  a  constant  velocity  of  30°/second,  the  unit  showed  an  early  peak 
followed  by  a  relatively  flat  level  (A-C).  The  discharge  rate  of  the  flat  portion  was 
57  spikes/second.  The  latency  ranged  from  80  to  134  mseconds,  with  a  mean  of 
110  mseconds.  When  tested  with  the  ramp  movements  at  15°/second,  the  average 
level  of  activity  decreased  to  28.7  spikes/second  (D-F).  The  latency  ranged  from 
102  to  234  mseconds,  with  a  mean  of  130  mseconds.  The  discharge  pattern  of  this 
unit  did  not  show  clear  velocity-dependent  changes  in  response  to  individual 
cycles  of  the  sinusoidal  movements  (G  and  [).  The  responses  started  inconsis¬ 
tently  at  low  velocity,  resulting  in  a  considerable  variation  in  the  latencies  from 
response  to  response  (H-K).  The  latencies  ranged  from  86  to  260  mseconds  with  a 
mean  of  185  mseconds  during  sinusoidal  movements  at  0.5  Hz.  The  mean  latency 
increased  to  300  mseconds  at  0.25  Hz  (K).  Because  of  such  variability  in  the 
latencies,  the  phase  histogram  (Lj  showed  a  response  curve  that,  as  a  result, 
resembled  very  closely  the  change  in  velocity  of  sinusoidal  movements.  The  peak 
discharge  rate  appeared  with  a  phase  lag  slightly  more  than  x/2  radians  from  the 
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turnabout,  indicating  that  the  point  where  there  is  the  highest  probability  of 
finding  spikes  occurs  slightly  after  the  appearance  of  peak  velocity. 

The  observation  made  in  this  unit  provided  us  with  a  hint  showing  how  the 
velocity  signals  were  refined  in  the  process  of  transmission  of  visual  signals. 
During  sinusoidal  movements  of  the  visual  pattern,  the  delay  of  the  responses 
varied  from  cycle  to  cycle  of  the  stimulus  movements  (H  and  K).  In  a  sinusoidal 
movement,  the  velocity  gradually  increases  from  zero  to  the  peak.  The  period  of 
near-zero  velocity  continues  for  some  time,  and  a  cell  discharges  only  when  the 
background  movement  reaches  a  certain  velocity.  The  velocity  threshold  of  the 
cell  may  be  determined  by  the  sensitivity  of  the  cell.  The  velocity  sensitivity  may 
vary  from  time  to  time  due  to  changes  in  the  excitability  of  the  cell.  It  also  is 
possible  that  the  velocity  of  retinal  image,  which  is  the  difference  between  the 
stimulus  and  eye  velocities,  may  vary  associated  with  small  saccades  or 
momentary  drifts  of  eye  positions  during  the  stimulus  movements.  All  these 
factors  may  cause  the  variability  in  the  latency  of  responses  to  sinusoidal 
movements.  As  a  result,  the  probability  of  seeing  discharges  may  increase  with  a 
higher  velocity  and  the  highest  activity  may  appear  when  the  stimulus  movement 
reaches  the  peak  velocity,  as  seen  in  Figure  5L.  On  the  other  hand,  when  the  unit 
was  tested  with  ramp  stimulus  movements,  the  latency  was  relatively  regular,  as 
the  constant  stimulus  movement  began  immediately  after  the  turnabout.  Due  to 
such  regular  latencies,  the  phase  histograms  (C  and  F)  were  a  simple  summation 
of  individual  responses  that  were  nicely  aligned  with  respect  to  the  turnabouts  (B 
and  E). 

In  reality,  such  temporal  summation  as  seen  in  the  histograms  (I  and  L)  may 
occur  as  a  spatial  summation  of  impulses  arriving  from  different  presynaptic 
cells.  Supposing  that  a  brain-stem  cell  that  is  the  origin  of  a  mossy  fiber  receives 
visual  signals  from  a  group  of  cells  with  different  velocity  sensitivities  to 
low-velocity  stimulus  movements,  it  is  possible  that  the  number  of  presynaptic 
cells  that  are  activated  at  a  certain  time  may  increase  as  the  stimulus  velocity  is 
increased.  The  latency  of  responses  may  vary  from  one  synaptic  cell  to  another, 
depending  upon  the  velocity  sensitivity  of  the  cell.  Thus,  the  total  number  of 
impulses  coming  to  the  cell  of  the  mossy  fiber  may  increase  as  the  stimulus 
velocity  is  increased  sinusoidally  from  zero  to  the  peak  velocity. 

It  is  known  that  most  neurons  in  the  visual  system  are  activated  by  moving 
stimuli,  but  the  neuronal  mechanisms  for  the  detection  and  signaling  of  the 
velocity  of  motion  are  unknown.  Some  relation  to  stimulus  velocity  may  be  found 
in  visual  neurons  in  the  sense  that  above  and  below  a  certain  preferred  velocity, 
the  response  falls  off  sharply.  However,  only  few  neurons  in  the  mammalian 
visual  system  have  shown  a  strictly  positive  functional  correlation  between 
discharge  rate  and  stimulus  velocity  (see  Reference  8  for  a  review).  This  suggests 
that  velocity  detection  may  require  the  successive  activation  of  a  population  of 
neurons  with  similar  directional  selectivity  but  different  sensitivity  to  the  veloci¬ 
ty,  by  passing  of  the  image  across  the  retina. 


Discussion 

The  present  investigation  has  demonstrated  clearly  that  the  visual  system  is 
an  important  source  of  sensory  input  to  the  flocculus  in  the  monkey.  It  is  known 
in  the  rabbit  that  floccular  Purkinje  cells  are  activated  from  the  optic  nerves  not 
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only  through  the  climbing  fiber  but  also  through  the  mossy  fiber  pathway.910 
However,  the  significance  of  the  visual  input  to  the  flocculus  has  been  controver¬ 
sial  in  the  monkey  (see  Reference  11  for  a  review).  When  the  monkey  tracks  ramp 
movements  of  the  target,  there  exists  a  transient  phase  where  the  target  already 
has  changed  the  direction  but  the  eyes  still  are  moving  in  the  same  direction.  The 
eyes  change  direction  with  latency  of  50-150  mseconds  and  catch  up  to  the  target 
with  a  saccade.  Lisberger  and  Fuchs  analyzed  Purkinje  cell  activity  during  such  a 
transient  period  and  found  that  12  out  of  20  cells  displayed  transient  overshoots 
(or  undershoots)  in  firing  rate.2  Although  the  possibility  that  the  transient 
overshoots  might  have  reflected  eye  acceleration  signals  could  not  be  ruled  out, 
the  study  suggested  possible  neuronal  correlates  of  retinal  image  motion  in  the 
flocculus  of  the  monkey.  The  latter  possibility  has  been  supported  by  Miles  et  al., 
based  on  almost  identical  experiments.4  The  significance  of  the  visual  input  with 
which  the  flocculus  may  serve  to  improve  the  stability  of  retinal  images  of  the 
visual  field  during  free  head  movements  has  been  suggested  in  the  monkey. 
Takemori  and  Cohen  demonstrated  that  the  horizontal  vestibulo-ocular  reflex 
provoked  by  caloric  stimulation,  alcohol  administration,  or  labyrinthectomy  was 
depressed  by  visual  input,  and  this  effect  was  lost  when  the  flocculus  had  been 
removed.1213  This  observation  would  indicate  that  the  flocculus  is  a  medium 
through  which  the  visual  system  can  alter  or  modify  vestibular  reflexes.  In  spite 
of  the  implications  concerning  the  visual  control  of  eye  movements,  single-unit 
recordings  of  visual  input  signals  in  the  monkey  flocculus  so  far  have  been 
unsuccessful  (see  Reference  11  for  a  review).  The  present  data  have  shown  that 
mossy  fiber  activity  recorded  in  the  white  matter  of  the  flocculus  was  related  to 
the  direction  and  velocity  of  visual  stimulus  movements.  It  is  now  indisputable 
that  the  visual  modulation  of  simple  spike  activity  of  floccular  Purkinje  cells  is 
due  to  mossy  fiber  inputs.  The  existence  of  velocity-related  mossy  fiber  activity 
indicates  that  the  flocculus  receives  signals  related  to  the  velocity  of  retinal  image 
movements.  It  is  demonstrated  that  the  flocculus  qualifies  as  one  of  the  constitu¬ 
ents  of  the  smooth-pursuit  control  system. 

The  average  latency  of  visual  mossy  fibers  of  the  flocculus  was  about  108 
mseconds  in  response  to  the  change  in  the  direction  of  ramp  stimulus  move¬ 
ments.  On  the  other  hand,  the  latency  of  the  flash-evoked  field  potentials 
recorded  from  the  flocculus  of  the  rabbit  was  30-40  mseconds.9  The  field 
potentials  responded  fairly  well  to  that  of  single-unit  responses.  The  latency  of 
climbing  fiber  responses  of  Purkinje  cells  to  the  onset  of  light  in  their  receptive 
fields  was  35-40  mseconds.14  As  compared  with  these  values  in  the  rabbit 
flocculus,  the  latency  observed  in  the  present  study — based  on  the  mossy  fiber 
responses  of  the  monkey  flocculus— was  very  long.  It  is  possible  that  visual 
signals  brought  to  the  flocculus  by  mossy  fibers  may  take  entirely  different 
pathways  from  those  for  climbing  fibers.  It  also  is  possible  that  the  cells  of  mossy 
fibers  receive  visual  signals  through  various  routes,  such  as  the  brain-stem  visual 
pathways  and  by  way  of  the  higher  visual  cortices.15,18  This  possibility  is 
supported  by  the  observation  that  response  latencies  of  rostral  pontine  neurons  to 
flashes  of  light  exhibited  a  considerably  wide  distribution.  Baker  et  al.  observed 
that  the  majority  of  visual  cells  in  these  structures  of  the  cat  responded  to  flashes 
with  latencies  from  15  to  70  mseconds.18  In  14  out  of  95  cells,  the  latency  was 
greater  than  100  mseconds.  Supposing  that  the  flocculus  of  the  monkey  receives 
mossy  fibers  also  from  these  nuclei,  the  present  units,  which  responded  primarily 
to  retinal  image  motion  of  the  velocity  range  of  smooth-pursuit  eye  movements, 
may  originate  from  the  cells  of  the  long-latency  group.18 
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Introduction 

Previous  studies  on  rabbits  have  demonstrated  that  the  cerebellar  flocculus 
receives  visual  signals  bilaterally  through  climbing  fiber  as  well  as  mossy  fiber 
afferent  pathways.1-5  The  climbing  fiber  pathways  are  mediated  by  the  dorsal  cap 
of  the  contralateral  inferior  olive.6-10  They  have  been  traced  with  both  electro- 
physiological  and  morphological  techniques.  Optic  signals  from  the  eye  ipsilat- 
eral  to  the  flocculus  cross  at  the  optic  chiasm  and,  after  being  relayed  by  the 
dorsal  terminal  nucleus  of  the  accessory  optic  tract  as  well  as  the  nucleus  of  the 
optic  tract  (NOT),  descend  through  the  brain  stem  to  the  dorsal  cap.1 2  8'911 12  Optic 
signals  from  the  contralateral  eye  enter  the  ipsilateral  accessory  optic  tract, 
crossing  through  the  posterior  commissure  to  the  contralateral  side.3  After  being 
relayed  by  a  cell  group  located  in  the  ventromedial  tegmentum,  they  descend  to 
the  rostral  part  of  the  dorsal  cap.8913 

On  the  other  hand,  the  visual  mossy  fiber  pathways  long  have  been  obscure. 
In  this  report,  we  attempt  to  summarize  studies  in  our  laboratory  to  trace  visual 
mossy  fiber  pathways  in  rabbits  by  means  of  electrophysiological  and  morpholog¬ 
ical  (horseradish  peroxidase)  methods.  Parts  of  this  report  have  been  published 
previously.14-17'40 


Characteristic  Features  of  Mossy  Fiber  Activation  of  Purkinie  Cells 

Characteristic  features  of  mossy  fiber  activation  of  a  Purkinje  cell  in  the 
flocculus  evoked  by  optic  chiasm  (CH)  stimulation  are  illustrated  in  Figure  1. 
Electrical  double  shocks  (1.3-msecond  interval)  to  the  CH  evoked  a  positive  field 
potential  (P2  wave  of  mossy  fiber  potential)16  with  a  latency  of  4.7  mseconds, 
which  was  followed  by  typical  complex  spike  discharges  of  a  Purkinje  cell  due  to 
climbing  fiber  activation,  with  a  latency  of  10.2  mseconds  (Figure  1A-1). 

As  the  stimulus  intensity  to  the  CH  (once  per  second)  was  decreased  from  A-l 
to  A-3,  the  latency  of  the  P2  wave  of  mossy  fiber  potentials  became  longer,  from 
5.0  mseconds  in  A-2  to  6.9  mseconds  in  A-3.  On  the  other  hand,  the  latency  of 
complex  spike  discharges  was  fairly  constant  through  A-l  to  A-3.  This  indicates 
that  the  visual  mossy  fiber  pathways  to  the  flocculus  may  be  more  complicated 
polysynaptically  than  those  of  the  climbing  fiber  pathways. 

It  is  well  known  that  one  of  the  major  differences  between  mossy  fiber  and 
climbing  fiber  activation  of  Purkinje  cells  is  the  ability  to  follow  high-frequency 
repetitive  stimulation.1819  As  seen  in  Figure  IB,  the  P2  wave  of  mossy  fiber 
activation  was  resistant  to  repetitive  CH  stimulation  at  30  Hz,  while  climbing 

‘This  work  was  supported  by  Grant  311401  to  K.M.,  Grant  577080  to  M.K.,  and  Grant 
377060  to  T.T.  from  the  Ministry  of  Education  of  Japan. 
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Figure  l.  Mossy  fiber  (mf)  and  climbing  fiber  (cf)  responses  evoked  in  the  cerebellar 
flocculus  by  optic  chiasm  stimulation.  A:  chiasm  stimulation  was  given  once  per  second.  In 
A-l,  Pa  wave  of  mossy  fiber  potential  (mf)  with  a  latency  of  4.7  mseconds  was  followed  by  a 
complex  spike  discharge  (cf)  of  a  Purkinje  cell  due  to  climbing  fiber  activation  with  a 
latency  of  10.2  mseconds.  As  stimulus  intensities  were  decreased  from  A-l  to  A-3,  latencies 
of  mossy  fiber  potentials  became  longer— 5.0  mseconds  in  A-2  and  6.9  mseconds  in  A-3.  On 
the  other  hand,  latency  of  complex  spikes  was  fairly  constant  regardless  of  stimulus 
intensities.  B:  effects  of  repetitive  stimuli.  With  high-frequency  repetitive  stimuli  (B-2,  30 
Hz)  to  the  chiasm,  complex  spikes  disappeared  while  mossy  fiber  potentials  were  attenu¬ 
ated  only  slightly.  In  B-3,  as  stimulus  frequency  was  decreased  to  1  Hz,  complex  spikes 
reappeared  with  slight  fluctuation  in  latencies.  (Maekawa  &  Takeda,  1978,  unpublished.) 


fiber  activation  was  eliminated  completely  during  repetitive  stimulation  (B-2). 
This  susceptibility  of  climbing  fiber  responses  to  repetitive  stimulation  is  due  to 
potent  inhibitory  synaptic  action  occurring  at  inferior  olivary  neurons.19 


Origin  of  Visual  Mossy  Fiber  Afferents  to  the  Flocculus 

Horseradish  Peroxidase  Injection  into  the  Flocculus 

To  find  the  origin  of  mossy  fiber  afferents  to  the  flocculus,  a  small  amount  of 
horseradish  peroxidase  (HRP)  was  injected  iontophoretically  into  the  flocculus, 
and  labeled  neurons  were  examined  in  the  brain  stem. 

Before  HRP  injection,  the  right  flocculus  was  mapped  by  a  glass  microelec¬ 
trode  to  find  the  portion  in  the  flocculus  with  a  prominent  mossy  fiber  field 
potential  evoked  from  both  the  contra-  (L-OT)  and  ipsilateral  (R-OT)  optic  tract 
(Figure  2A).5  Then  the  recording  microelectrode  was  replaced  by  a  glass  pipette 
filled  with  10%  HRP  solution,  and  the  pipette  was  either  advanced  or  withdrawn 
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until  its  tip  was  located  in  the  granular  layer  indicated  by  an  N2-P2  wave  of  mossy 
fiber  potentials,1"  where  HRP  was  injected  iontophoretically  by  positive  d.c. 
current. 

The  injection  area  was  confined  to  the  rostromedial  part  of  the  dorsal  folium 
of  the  flocculus  (Figure  2B).5  Labeled  cells  found  in  eight  of  the  50-pm  sections 
(400  *un)  were  superimposed  and  plotted  on  six  line  drawings  of  frontal  sections 
(Figure  2C).  In  the  pontine  region,  labeled  neurons  were  found  bilaterally  in  the 
nucleus  reticularis  tegmenti  pontis  (NRTP),  and  some  were  found  in  the  lateral 
pontine  nucleus  (Figure  2C-3  and  4).10,R2<U1 


Mossy  Fiber  Potentials  Evoked  by  NRTP  Stimulation 

To  examine  electrophysiologically  that  the  NRTP  transfers  optic  signals  to  the 
flocculus,  interaction  between  mossy  fiber  potentials  evoked  from  the  left  optic 
tract  (L-OT)  (Figure  3A-1  and  B-l)  and  those  evoked  by  NRTP  stimulation 
(Figure  3A-2  and  B-2)  was  examined  in  the  right  flocculus  by  varying  intervals. 
Latencies  of  mossy  fiber  potentials  from  the  L-OT  and  from  the  NRTP  were  5.5 
mseconds  and  3.0  mseconds,  respectively.  Figure  3C  shows  an  interaction  curve 
when  NRTP  test  stimuli  were  preceded  by  L-OT  conditioning  stimuli  by  0-60 
mseconds.  Peak  amplitudes  of  the  mossy  fiber  test  potentials  (T)  relative  to  those 


A  l-OT  B 


C  t'0T*Nrt 


Figure  3.  Interaction  between  mossy  fiber  potentials  in  the  right  flocculus  evoked  from 
the  left  optic  tract  (L-OT)  and  from  the  NRTP.  A-l  and  B-l:  conditioning  stimuli  to  the  L-OT 
evoked  a  mossy  fiber  potential  (N3  wave,  mf)  with  a  latency  of  5.5  mseconds,  which  was 
followed  by  a  climbing  fiber  potential  (cf)  with  a  latency  of  10  mseconds.  A-2  and  B-2:  test 
stimuli  to  the  right  NRTP  evoked  a  mossy  fiber  potential  with  a  latency  of  about  3.0 
mseconds.  A-3  and  B-3:  both  conditioning  (L-OT]  and  test  (Nrt)  stimuli  were  delivered  with 
a  time  interval  of  2.5  mseconds  (A)  and  5  mseconds  (B).  C:  amplitudes  of  test  mossy  fiber 
potentials  (T  -  C)  relative  to  control  value  (Tc)  (ordinate,  percentages)  are  plotted  as  a 
function  of  conditioning-test  intervals  (abscissa,  in  mseconds).  The  time  course  of  a 
conditioning  response  is  shown  schematically  as  a  dotted  line  (c).  All  potentials  in  A  and  B 
were  constructed  by  summating  30  successive  responses  evoked  at  1  Hz.  Upward  - 
positive.  C,  conditioning  response;  Tc,  test  control  response;  T,  test  response  with  a 
preceding  conditioning  shock.  (Maekawa  A  Takeda,  1977,  unpublished.) 
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of  control  potentials  (Tc)  (ordinate)  were  plotted  as  a  function  of  conditioning-test 
stimulus  interval  (abscissa,  in  mseconds).  It  is  shown  clearly  that  mossy  fiber 
responses  evoked  from  the  L-OT  and  from  the  NRTP  occluded  each  other  during 
a  period  of  mossy  fiber  conditioning  potential  (dotted  line,  C)  that  was  followed 
by  a  long-lasting  inhibition  for  about  50  mseconds. 

When  a  stimulating  electrode  was  inserted  stereotaxically  into  the  pontine 
region,  the  area  of  the  lowest  threshold  current  required  to  elicit  mossy  fiber 
potentials  in  the  flocculus  always  was  in  the  NRTP  and  the  threshold  current 
increased  abruptly  as  the  tip  of  a  stimulating  electrode  entered  the  pontine 
nucleus;  thus  the  pontine  nucleus  was  excluded  from  the  origin  of  mossy  fiber 
activation  of  the  flocculus.  These  findings  suggested  electrophysiologically  that 
optic  signals  that  produce  mossy  fiber  responses  in  the  flocculus  pass  through  the 
NRTP. 


Neuronal  Activity  of  NRTP  Neurons 

To  study  how  NRTP  neurons  do  transfer  optic  signals  to  the  flocculus, 
neuronal  activities  were  recorded  extra-  and  intracellularly  in  the  NRTP.15 

Albino  rabbits  (n  -  25)  were  anesthetized  with  a-chloralose-urethane,  immo¬ 
bilized  by  gallamine  triethiodide,  and  artificially  respirated  with  N20-02  mixture 
plus  halothane.  The  middle  portion  of  the  cerebellum  was  aspirated  to  expose  the 
fourth  ventricle  floor,  through  which  a  recording  glass  microelectrode  (2  M  NaCl) 
was  inserted  perpendicularly  into  the  NRTP.  Optic  tracts  and  flocculi  on  both 
sides  were  stimulated  electrically.  Before  insertion  of  stimulating  electrodes,  the 
flocculus  was  mapped  with  a  recording  microelectrode  to  find  areas  with 
prominent  mossy  fiber  responses  produced  from  both  optic  tracts.  The  recording 
microelectrode  was  replaced  with  a  bipolar  stimulating  electrode  and  positioned 
at  sites  where  N3  waves  of  visual  mossy  fiber  responses  reversed  polarity  to 
positive  to  stimulate  mossy  fiber  afferent  terminals  effectively. 


Orthodromic  and  Antidromic  Activation 

Figure  4  shows  examples  of  intracellular  recordings  of  neurons  in  the  left 
NRTP.  Both  the  ipsilateral  (Figure  4A,  OT-L)  and  the  contralateral  (4B,  OT-R) 
optic  tract  stimuli  evoked  excitatory  postsynaptic  potentials  (EPSPs)  associated 
with  action  potentials.  Latencies  of  EPSPs  were  3.2  mseconds  (A-l)  and  3.7 
mseconds  (B-l).  When  the  neuron  was  hyperpolarized  slightly  by  current  injec¬ 
tion  through  a  recording  microelectrode,  action  potentials  were  blocked,  reveal¬ 
ing  underlying  EPSPs  (Figure  4A-2  and  B-2). 

Ipsilateral  flocculus  stimulation  evoked  an  action  potential  with  a  constant 
latency  (1.0  mseconds)  (A-l  and  B-l,  FL-L).  The  FL-response  could  follow 
high-frequency  repetitive  stimulation  (100  Hz)  (Figure  4C).  A  fairly  constant 
response  latency  and  the  ability  to  follow  high-frequency  repetitive  stimulation 
indicated  that  this  response  was  due  to  antidromic  invasion  of  an  impulse  from 
the  flocculus.  As  a  floccular  stimulation  was  delivered  immediately  (J4 
mseconds)  after  orthodromic  activation  from  the  optic  tract  (A-l  and  B-l,  FL-L), 
most  antidromic  impulses  from  the  flocculus  failed  to  invade  the  soma,  leaving  a 
small  depolarization  (3  mV)  of  a  constant  latency,  which  is  presumably  the  M 
potential  of  the  antidromic  activation"  The  failure  of  antidromic  invasion  in  A-l 
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and  B-l  may  be  due  to  a  slight  hyperpolarization.  Presumably  there  are  inhibitory 
postsynaptic  potentials  (IPSPs)  following  orthodromic  activation  from  the  optic 
tract.  The  location  of  the  neuron  of  Figure  4A-C  is  indicated  in  D  (a  dot  with  an 
arrow). 

Figure  4E-G  was  recorded  in  another  NRTP  neuron,  which  was  activated 


Figure  4.  Intracellular  recording  of  NRTP  neurons.  A-C  were  recorded  from  one  NRTP 
neuron,  and  E-G  from  another  NRTP  neuron.  A-l  and  B-l:  ipsilateral  (OT-L)  and 
contralateral  (OT-R)  optic  tract  stimulation  evoked  EPSPs  associated  with  spikes.  Latencies 
of  EPSPs  were  3.2  and  37  mseconds,  respectively,  and  were  followed  by  slight  hyperpolari¬ 
zation.  Ipsilateral  floccular  stimulation  (FL-L)  evoked  an  antidromic  spike  with  1.0- 
msecond  latency.  M  components  were  revealed  when  antidromic  impulses  failed  to  invade 
the  soma.  A-2  and  B-2:  membrane  hyperpolarization  induced  by  current  injection  through 
the  recording  microelectrode  blocked  spike  generation  and  revealed  underlying  EPSPs. 
A-3  and  B-3:  field  potentials  evoked  from  optic  tracts  just  outside  of  the  cell.  Voltage 
calibration  bar  of  10  mV  applies  to  A-l  and  B-l  and  4  mV  to  A-2,  A-3,  B-2,  and  B-3.  C: 
antidromic  activation  following  high-frequency  stimulation  (100  Hz)  of  the  ipsilateral 
flocculus.  D:  a  line  drawing  of  a  frontal  section  showing  an  electrode  track  (dashed  line) 
and  the  recording  site  in  the  NRTP  (a  dot  with  an  oblique  arrow).  E-G:  taken  from  another 
NRTP  neuron.  E-l:  contralateral  optic  tract  (OT-R)  stimulation  evoked  a  slow-rising  EPSP 
(3.7-msecond  latency)  with  associated  spikes.  Horizontal  dotted  lines  indicate  membrane 
potential  level,  and  an  oblique  arrow  points  to  the  beginning  of  the  EPSP.  E-2:  slight 
hyperpolarization  by  current  injection  revealed  underlying  EPSPs.  F-l:  antidromic  activa¬ 
tion  from  the  contralateral  flocculus  (FL-R).  When  the  antidromic  spike  failed  to  invade  the 
soma  due  to  membrane  hyperpolarization,  the  M  component  was  revealed  (F-2).  G: 
collision  between  a  spontaneously  firing  spike  and  antidromic  activation.  An  oscilloscope 
sweep  was  triggered  by  a  spontaneous  spike.  Note  that  even  the  M  component  could  not  be 
seen  after  FL-R  stimulation.  The  location  of  this  neuron  is  shown  in  Figure  6-4  (a 
downward  arrow).  (From  Reference  15  with  permission  of  Elsevier/North-Holland 
Biomedical  Press.) 
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Figure  5.  Latency  distributions  of  NRTP  neurons  (n  -  55).  A  and  B:  antidromic  latency 
distribution  for  NRTP  neurons  from  the  ipsilateral  (A,  FL-L)  and  contralateral  (B,  FL-R) 
flocculus.  C  and  D:  orthodromic  latency  distribution  for  either  the  EPSP  or  the  first  spike 
activated  from  the  ipsilateral  (C,  OT-L)  and  contralateral  (D,  OT-R)  optic  tract.  Abscissa, 
latency  in  mseconds;  ordinate,  number  of  neurons.  Sample  sizes  (n)  are  indicated  in  each 
part.  Mean  plus  SD  (mseconds)  is  0.98  ±  0.33  (A),  0.88  ±  0.29  (B),  4.63  ±  1.06  (C),  and  4.80  t 
0.98  (D).  NRTP  neurons  were  invaded  antidromically  either  from  the  ipsi-  (A,  FL-L)  or 
contralateral  (B,  FL-R)  flocculus  but  never  from  both  flocculi.  Thirty-six  percent  of  samples 
(20  out  of  55)  were  activated  orthodromically  from  both  ipsi-  and  contralateral  optic  tracts. 
(From  Reference  15  with  permission  of  Elsevier/North-Holland  Biomedical  Press.) 


orthodromically  from  the  contralateral  optic  tract  (E,  OT-R)  but  not  from  the 
ipsilateral  optic  tract  (not  shown).  The  orthodromically  evoked  EPSPs  had  a 
3.7-msecond  latency  (an  oblique  arrow)  but  rose  very  slowly,  leading  to 
associated  spikes  after  a  long  latency  (E-l).  A  slight  hyperpolarization  blocked 
action  potentials  and  revealed  slowly  rising,  multicomponent  EPSPs  (E-2).  The 
contralateral  flocculus  stimulation  (F,  FL-R)  antidromically  activated  the  neuron, 
with  a  latency  of  0.65  msecond  (F-l).  A  slight  hyperpolarization  blocked 
antidromic  invasion,  leaving  a  small  (4-mV)  depolarizing  wave,  presumably  the 
M  component  of  the  antidromic  activation. 

The  antidromic  nature  of  the  activation  from  the  contralateral  flocculus 
stimulation  was  confirmed  by  a  collision  block  of  the  floccular  activation  by  a 
spontaneously  firing  spike  (Figure  4G).  The  time  interval  between  a  spontaneous 
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spike  and  the  onset  of  the  stimulus  |FL-R,  a  vertical  arrow)  was  1.0  msecond.  The 
refractory  time  was  not  measured  in  this  neuron.  However,  the  short  latency  (0.65 
msecond]  from  the  flocculus  (F-l)  strongly  suggested  the  collision  of  a  sponta¬ 
neous  spike  with  an  impulse  generated  antidromically  from  the  flocculus.  The 
failure  of  appearance  of  an  M  component  in  Ficure  4 G  also  may  indicate  that  the 
collision  occurred  at  a  site  far  from  the  soma,  probably  at  or  near  the  stimulating 
site  in  the  flocculus.  The  location  of  the  neuron  of  E-G  is  indicated  by  a 
downward  arrow  in  Figure  6-4. 


Latency  Distribution 

In  total,  55  neurons  were  sampled  intra-  and  extracellularly  in  the  left  NRTP. 
Figure  5  shows  latency  distributions  of  activations  antidromically  from  the 
flocculus  (A  and  B)  and  orthodromically  from  the  optic  tract  (C  and  D).  Thirty-six 
out  of  55  neurons  were  activated  antidromically  from  the  ipsilateral  flocculus 
(Figure  5A,  FL-L),  and  the  other  19  neurons  from  the  contralateral  flocculus  (B, 
FL-R).  None  were  invaded  antidromically  from  both  flocculi.  Antidromic  spike 
latencies  (mean  and  standard  deviation)  are  0.98  ±  0.33  msecond  (n  -  36)  from 
the  ipsilateral  flocculus  (Figure  5A)  and  0.88  ±  0.29  msecond  (n  -  19)  from  the 
contralateral  flocculus  (5B).  They  are  not  significantly  different. 

Twenty  neurons  out  of  55  were  activated  orthodromically  from  the  ipsilateral 
and  15  neurons  from  the  contralateral  optic  tract.  The  other  20  neurons  were 
activated  from  both  the  ipsi-  and  contralateral  optic  tract. 

Orthodromic  latencies  were  measured  either  for  the  first  spike  of  extracellu¬ 
lar  repetitive  firings  or  in  a  few  cells  for  the  evoked  EPSP.  Latencies  (mean  and 
SD)  are  4.63  ±  1.06  mseconds  (n  -  40)  from  the  ipsilateral  optic  tract  (Figure  5C, 
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Recording  Sites  (n  =  47) 


Ficure  6.  Histological  distribution  of  NRTP  neurons  sampled.  1-4:  chart  drawings  of 
frontal  sections  of  the  pons.  Distance  between  1  and  2  is  0.4  mm,  and  between  2  and  3  and 
between  3  and  4  is  0.3  mm.  Each  dot  represents  one  cell.  Forty-seven  neurons  out  of  55 
were  superimposed  and  plotted  on  four  frontal  sections.  Since  another  four  neurons  were 
identified  in  the  NRTP  at  a  level  0.5  mm  caudal  to  4,  they  are  not  included.  The  remaining 
four  neurons  were  not  identified  histologically.  An  arrow  in  4  points  at  a  neuron  of  Figure  4 
E-G.  Rost.,  rostral;  Caud.,  caudal.  (Modified  from  Reference  15.) 
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OT-L)  and  4.80  ±  0.98  mseconds  (n  -  35)  from  the  contralateral  optic  tract  (5D, 
OT-R).  They  are  not  significantly  different. 


Histological  Examination  of  Recording  Sites 

Recording  sites  of  neurons  were  identified  by  reference  to  extracellularly 
ejected  dye  spots  (fast  green  FCF)  and/or  to  depth  readings  of  a  micromanipula¬ 
tor  along  electrode  tracks  from  the  fourth  ventricle  floor  on  histological  sections. 

Out  of  55  neurons,  locations  of  51  were  identified  histologically.  In  Figure  6, 
histologically  identified  locations  of  47  neurons  are  superimposed  and  plotted  on 
four  frontal  sections.  Another  4  neurons,  located  at  a  level  0.5  mm  caudal  to 
Figure  6-4,  were  not  included.  Recording  sites  were  confined  to  the  NRTP, 
except  for  a  few  cells  that  were  located  dorsally  (Figure  6-3  and  4). 


Pretectal  Relay  Neurons 

To  trace  further  rostrally  the  relay  neurons  that  convey  optic  signals  to  the 
NRTP  and  that  are  involved  in  the  mossy  fiber  pathways  to  the  flocculus,  the 
following  experiments  were  performed:  (1)  HRP  injection  into  the  NRTP;16  (2) 
stimulation  threshold  mapping  in  the  pretectal  region  to  produce  mossy  fiber 
responses  in  the  flocculus;  and  (3)  recording  of  neuronal  activities  in  the  pretectal 
region.40 


HRP  Injection  into  the  NRTP 

A  small  amount  of  HRP  was  injected  iontophoretically  into  the  NRTP.  In 
these  experiments,  the  midline  cerebellum  was  aspirated  and  the  fourth  ventri¬ 
cle  floor  was  exposed,  through  which  the  glass  pipette  containing  10%  HRP 
solution  was  inserted  into  the  NRTP.  Results  of  an  experiment  are  shown  in 
Figure  7.  In  B,  HRP  injection  sites  are  indicated  in  two  frontal  sections  that  are 
500  *im  apart.  Dotted  areas  indicate  the  most  densely  stained  areas,  which  were 
well  confined  in  the  left  NRTP.  In  Figure  7A,  three  frontal  sections  of  the  border 
of  the  mesodiencephalon,  300  /im  apart  from  each  other  from  the  rostral  (A-l)  to 
the  caudal  (A-3)devel.  Labeled  cells  found  in  six  of  the  50-jtm  serial  sections  were 
superimposed  and  plotted  as  dots.  Labeled  cells  were  found  almost  exclusively 
ipsilaterally  in  the  nucleus  of  the  optic  tract  (NOT),  in  the  anterior  pretectal 
nucleus  (PA),  and  in  the  mesencephalic  reticular  formation. 


Stimulation  Threshold  Mapping  in  the  Pretectal  Region 

Stimulating  currents  required  to  evoke  mossy  fiber  potentials  in  the  ipsilateral 
flocculus  were  mapped  in  the  lateral  pretectal  region.  In  these  experiments,  the 
posterior  part  of  the  cerebral  cortex  was  aspirated  and  the  caudolateral  part  of 
the  diencephalon  and  rostrolateral  part  of  the  superior  colliculus  were  exposed. 
An  array  of  three  fine-platinum-wire  stimulating  electrodes  were  inserted  latero- 
medially  into  the  lateral  pretectal  area.  The  area  of  the  lowest  threshold  current 
always  was  found  in  and  around  the  NOT.1* 
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1  Hrt-9  ) 

Figure  7.  HRP  labeled  cells  in  the  mesodiencephalon  after  HRP  injection  into  the 
NRTP.  A:  line  drawings  of  frontal  sections  of  the  mesodiencephalon,  300  pm  apart  from 
each  other  from  rostal  (A-l)  to  caudal  (A-3).  A  dot  represents  an  HRP-labeled  cell  body.  In 
each  drawing,  labeled  cells  are  plotted  by  superimposing  six  successive  50-/um  sections.  B: 
line  drawings  of  frontal  sections  showing  the  injection  site,  500  iim  apart  from  each  other 
from  rostral  (B-lj  to  caudal  (B-2).  The  dotted  areas  indicate  the  most  densely  stained  region. 
Thick  lines  encircle  the  less  densely  stained  area,  and  the  whole  extent  of  faint  brownish 
colored  areas  is  indicated  by  dotted  lines.  A  vertical  arrow  in  B-2  indicates  an  HRP 
electrode  track.  Abbreviations,  see  Figure  2.  (Maekawa  &  Kimura,  1980,  see  Reference  16.) 


Neuronal  Activity  of  the  Pretectal  Region 

Using  a  glass  microelectrode,  neuronal  activities  were  recorded  extracellu- 
larly  in  the  lateral  pretectal  region  after  exposing  the  surface  by  aspiration  of  the 
overlying  cortex.  The  optic  chiasm  (CH)  was  stimulated  by  a  stereotaxically 
inserted  bipolar  electrode.  One  bipolar  platinum-wire  stimulating  electrode  was 
inserted  caudorostrally  into  the  ipsilateral  NRTP,  and  the  other  electrode  into  the 
ipsilateral  inferior  olive. 

Neuronal  spikes  orthodromically  activated  from  the  CH  and  antidromically 
invaded  from  the  NRTP  and/or  the  inferior  olive  were  recorded.*-11-25  Figure  8 
shows  examples  of  neuronal  responses  recorded  in  the  NOT.  The  neuron  was 
activated  orthodromically  from  the  CH  with  a  latency  of  1.75  mseconds  (Figure 
8A)  and  invaded  antidromically  from  the  NRTP  with  a  latency  of  0.75  msecond 
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(B).  The  refractory  time  for  NRTP  responses  was  1.2  mseconds  when  double 
shocks  were  given  to  the  NRTP  (B-2).  Stimulation  to  the  inferior  olive  did  not 
activate  the  neuron  (D).  The  antidromic  nature  of  NRTP  responses  was 
evidenced  by  a  collision  test  (Figure  8C  and  F).  In  C,  oscilloscope  sweeps  were 
triggered  by  spontaneous  spikes  and  NRTP  stimuli  were  delivered  at  varying 
intervals:  1.5  mseconds  (C-l),  1.4  mseconds  (C-2),  and  1.3  mseconds  (C-3).  Most 
trials  of  NRTP  stimuli  in  C-2  failed  to  activate  the  neuron,  showing  a  collision  of 
a  spontaneous  spike  with  an  antidromically  initiated  impulse  from  the  NRTP. 
Collisions  of  an  orthodromically  evoked  spike  with  an  impulse  from  the  NRTP 
are  shown  in  F.  Control  responses  evoked  from  the  NRTP  are  shown  in  E.  NRTP 
stimuli  given  at  2.8  mseconds  after  the  second  spike  evoked  from  the  CH  elicited 
a  spike  every  time  (F-l);  however,  latencies  of  NRTP  responses  were  slightly  but 
significantly  longer  (0.9  msecond)  than  those  of  control  responses  (0.7  msecond  in 
E).2<  A  strong  deflection  on  the  rising  phase  of  a  spike  indicated  a  delay  for 
invasion  of  impulse  from  the  initial  segment  (IS)  to  the  soma-dendritic  (SD) 
segment  of  the  cell.22  As  the  time  interval  was  decreased  to  1.8  mseconds  (F-2), 
NRTP  stimuli  either  failed  to  activate  the  cell  or  produced  only  an  early 
component  of  the  spike,  presumably  the  IS  component.22  Further  decrease  of  the 
time  intervals  between  a  preceding  spike  and  the  NRTP  stimulus  to  1.4-1.5 
mseconds  led  to  a  failure  of  the  NRTP  stimuli  to  elicit  spikes  (F-3),  even  at 
intervals  longer  than  the  refractory  period  of  this  cell.  These  findings  are  clear 
evidence  that  NRTP  responses  were  antidromic. 

An  oblique  arrow  in  Figure  8G,  showing  the  direction  of  a  microelectrode 
insertion,  points  at  the  location  (a  dot)  of  this  neuron.  In  this  preparation,  four 
neurons  (dots)  were  sampled  in  a  transverse  plane,  all  of  which  were  identified 
histologically  in  the  NOT. 

Thus,  43  neurons  in  total  were  sampled  in  the  caudolateral  part  of  the 
pretectal  area  that  were  activated  orthodromically  from  the  CH  and  invaded 
antidromically  from  the  NRTP.  Out  of  43  neurons,  31  (72%)  were  identified 
histologically  in  the  laterocaudal  portion  of  the  NOT,  4  (9%)  were  identified  in 
the  dorsal  portion  of  the  anterior  pretectal  nucleus  (PA),  and  7  (16%)  were 
presumably  in  the  ventral  part  of  the  NOT— however,  since  we  were  not  quite 
sure  whether  they  were  in  the  NOT  or  just  outside  of  it,  these  neurons  were 
classified  tentatively  as  border  cells.  The  remaining  neuron  was  not  identified. 

Table  1  shows  mean  latencies  with  standard  deviations  (mseconds)  for  43 
neurons  in  and  around  the  NOT,  orthodromic  latency  from  the  CH,  and 


Table  1 

Latency  of  Spike  Responses 


Stimulating  Sites 

CH 

NRTP 

CH  +  NRTP* 

OT 

Cells 

(msec) 

(msec) 

(msec) 

(msec) 

PTf 

1.86  ±  0.35 

0.97  ±  0.22 

2.83  ±  0.39 

_ 

NRTP) 

— 

— 

— 

4.63  ±  1.06 

*CH  +  NRTP:  sum  of  the  orthodromic  (CH)  and  antidromic  (NRTP)  latencies. 

■(Latency  of  orthodromic  spike  responses  from  the  optic  chiasm  (CH)  and  antidromic 
spike  responses  from  the  NRTP  in  43  pretectal  (PT)  neurons. 

(Orthodromic  latencies  from  the  ipsilatera)  optic  tract  (OT)  in  40  NRTP  neurons.  (Data 
taken  from  Figure  5C.)15  Figures  are  mean  ±  standard  deviation. 
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antidromic  latency  from  the  NRTP.  For  comparison  with  the  orthodromic  latency 
for  40  NRTP  neurons  from  the  ipsilateral  optic  tract  (4.63  ±  1.06  mseconds. 
Figure  5C),15  the  mean  and  standard  deviation  of  the  sum  of  CH  and  NRTP 
latencies  for  each  pretectal  neuron  also  are  listed  under  CH  +  NRTP.  The  mean 
latency  difference  between  these  two  values — 1.8  mseconds — may  indicate  that  a 
few  neurons  would  be  intercalated  in  the  NRTP  region  before  optic  signals 
activate  NRTP  neurons  that  send  mossy  fiber  afferents  to  the  flocculus. 

Three  out  of  43  neurons  were  activated  antidromically  from  both  the  NRTP 
and  the  inferior  olive.  The  mean  latency  of  antidromic  activation  from  the 
inferior  olive  (n  =  3)  was  1.3  mseconds. 

Comments 

These  series  of  experiments  clearly  demonstrated  that  optic  signals,  after 
being  transferred  by  NOT  neurons,  descend  in  the  brain  stem  to  activate  the  ipsi- 
and/or  contralateral  NRTP  neurons.  The  signals  eventually  reach  the  flocculus 
and  cause  the  mossy  fiber  activation  of  floccular  Purkinje  cells,  which  are  known 
to  project  to  the  vestibular  nuclei  and  to  modify  eye  movements. 

Pretectal  projections  to  the  ispilateral  NRTP  have  been  demonstrated 
anatomically  in  cats,  rabbits,  and  rats,  but  the  exact  origin  of  these  neurons  in  the 
pretectal  region  has  not  been  identified.12,25"27  Recent  autoradiographic  studies  in 
tree  shrews  and  rabbits  showed  NOT  projections  to  the  dorsal  pontine  nucleus 
but  not  to  the  NRTP.28  29 

A  close  relation  between  optokinetic  nystagmus  and  the  NOT  has  been 
demonstrated  in  rabbits  by  Collewijn.30  31  Neurons  in  the  NOT  responded  to 
movements  of  a  large,  textured  pattern  to  the  contralateral  eye  from  temporal  to 
nasal,  which  is  the  most  effective  stimulus  in  eliciting  optokinetic  nystagmus.30 
Further,  small  lesions  in  the  lateral  pretectum  abolished  optokinetic  nystagmus, 
and  electrical  stimulation  of  the  NOT  region  elicited  horizontal  nystagmus.31 
Similar  properties  of  responses  of  neurons  in  the  NOT  were  reported  in  cats.32 
The  involvement  of  the  NOT  in  the  pathways  evoking  optokinetic  neuronal 
responses  in  the  vestibular  neurons  also  has  been  suggested.33  34 

Recently,  Miyashita  et  al.  demonstrated  in  rabbits  that  the  gain  of  the 
optokinetic  responses  was  reduced  significantly  in  the  eye  contralateral  to  a 
lesion  made  in  the  NRTP,  while  the  horizontal  vestibulo-ocular  reflex  did  not 
show  any  change  due  to  NRTP  lesions.35  When  the  lesioned  rabbits  were  rotated 
continuously  with  a  slit  light  presented  to  the  eye  contralateral  to  the  NRTP 
lesions,  the  gain  of  the  vestibulo-ocular  reflex  increased  adaptively  as  in  control 
rabbits.3^39 

Thus  the  visual  mossy  fiber  pathway  presented  in  this  study  through  the 
NOT-NRTP  to  the  flocculus  contributes  to  optokinetic  eye  movements  but  not  to 
visually  guided  adaptive  change  of  the  vestibulo-ocular  responses. 
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Introduction 

Cerebellar  lesions  in  patients  lead  to  deficits  in  pursuit  eye  movements, 
reduced  optokinetic  nystagmus,  and  the  inability  to  suppress  vestibular  nystag¬ 
mus  by  visual  fixation.’ 3  Lesions  of  the  flocculus  in  primates  lead  to  the  same 
clinical  syndrome.4,5  We  will  show  that  floccular  Purkinje  cells  modulate  their 
activity  to  either  enhance  optokinetic  nystagmus  or  suppress  vestibular  nystag¬ 
mus  during  various  paradigms  of  visual-vestibular  interaction.  Our  hypothesis  is 
that  the  flocculus  and  the  vestibular  nuclei  process  visual-vestibular  information 
in  a  complementary  way:  floccular  Purkinje  cells  are  modulated  when  vestibular 
nuclei  activity  is  insufficient  to  move  the  eyes  with  adequate  velocity,  or  when 
vestibular  nuclei  neurons  still  are  modulated  but  nystagmus  is  suppressed.67 


Methods 

Monkeys  (Macaco  mulatta)  were  prepared  chronically  for  single-unit  record¬ 
ings  (for  details,  see  Reference  8).  A  ring  for  fixing  the  micropositioner  above  a 
trephine  hole  in  the  skull,  Ag-AgCl  electrodes  to  monitor  eye  position,  and  skull 
bolts  to  clamp  the  animal’s  head  during  experiments  were  implanted.  Animals 
were  placed  on  a  servo-controlled  turntable  with  their  heads  bent  forward  25° 
and  fixed  in  that  position  to  bring  the  lateral  semicircular  canals  into  the 
horizontal  plane.  The  turntable  was  enclosed  totally  by  an  optokinetic  cylinder, 
which  could  be  accelerated  independently.  For  vestibular  stimulation,  monkeys 
were  rotated  about  a  vertical  axis  in  complete  darkness;  for  optokinetic  stimula¬ 
tion,  the  cylinder  was  illuminated  from  within  (photopic  range)  and  rotated 
around  the  stationary  monkey.  During  conflicting  visual-vestibular  stimulation, 
the  cylinder  was  fixed  mechanically  to  the  turntable  and  both  were  rotated 
together.  One  monkey  was  trained  to  fixate  a  small  spot  of  light  using  the 
paradigm  of  Wurtz.9  One  fixation  light  was  attached  to  the  turntable  and  rotated 
with  the  monkey  to  suppress  vestibular  nystagmus  (VOR  suppression).  When 
stationary,  the  monkey  could  suppress  optokinetic  nystagmus  during  rotation  of 
the  visual  surround  (OKN  suppression).  Another  light  was  attached  to  the 
cylinder  for  tracking  eye  movements  while  the  cylinder  was  moving  in  darkness 
(smooth  pursuit). 

Unit  activity  in  the  flocculus  was  recorded  extracellularly  mainly  from  the 
anterior  part  (folia  4  to  10).  Neuronal  activity  was  classified  according  to  criteria 


•Supported  by  a  grant  from  the  Swiss  National  Foundation  for  Scientific  Research 
3.343-2.78 


491 

0077-8923/81/0374-0491  $01.75/0")  1981,  NYAS 


492 


Annals  New  York  Academy  of  Sciences 


suggested  by  other  authors:"''12  discharge  pattern,  spike  configuration,  recording 
sites  with  respect  to  layers,  method  of  isolation.  Neurons  were  classified  into 
Purkinje  cells  (P-cells)  and  non-Purkinje  cells  (non-P-cells).  P-cells  were  charac¬ 
terized  by  an  irregular  simple  spike  (SS)  activity  and  the  occurrence  of  complex 
spikes  (CS).  Non-P-cells  were  characterized  by  a  more  regular  resting  discharge. 
Some  units  exhibited  typical  patterns  of  fiber  recordings  (mossy  fibers,  MF), 
while  others  had  recording  characteristics  more  typical  of  cell  bodies  (granule 
cells). 

All  relevant  data — neuronal  activity,  horizontal  and  vertical  eye  position, 
turntable  and  optokinetic  stimulus  velocity,  a  photocell  signal,  and  a  digital  time 
code — were  stored  on  an  FM  tape  machine.  For  analysis,  the  instantaneous  and 
averaged  neuronal  activity  (running  average  over  250  or  500  mseconds)  and  other 
relevant  data  were  written  out  on  a  rectilinear  oscillograph  from  which  further 
measurements  were  taken.  Horizontal  eye  position  was  differentiated  to  obtain 
eye  velocity.  Nystagmus  direction  always  refers  to  the  direction  of  the  fast  phase. 
In  all  figures,  an  upward  deflection  of  the  stimulus  profile  or  of  eye  velocity 
corresponds  to  movements  to  the  ipsilateral  side  (recording  side). 


Results 

The  flocculus,  like  other  parts  of  the  cerebellar  cortex,  receives  information 
via  two  inputs— a  mossy  fiber  (MF)  and  a  climbing  fiber  (CF)  input.  The  only 
output  originates  from  the  Purkinje  cells  (P-cells)  and  is  characterized  by  simple 
(SS)  and  complex  spike  (CS)  activity.  We  will  confine  our  description  to  input 
activity  (mossy  fibers  and  granule  cells)  and  output  activity  (P-cells). 


Input  Activity 

Neuronal  activity  that  reflects  MF-input  (mossy  fibers  and  granule  cells)  can 
be  separated  into  two  groups.  In  one  group,  activity  is  related  exclusively  to 
parameters  of  fast  eye  movements  and/or  eye  position.  This  input  has  been 
described  extensively.12,13  In  the  other  group,  activity  can  be  related  to  parameters 
of  visual-vestibular  stimulation.  Most  of  these  units  show  characteristics  similar 
to  neurons  in  the  vestibular  nuclei.814"17  A  smaller  percentage  is  modulated  only 
when  visual  image  slip  is  present. 

Input  reflecting  vestibular  nuclei  activity  comprises  more  than  90%  of  the 
recordings  of  the  second  group.  During  vestibular  stimulation  (rotation  of  the 
monkey  about  a  vertical  axis  in  darkness),  units  were  modulated  in  either  a  type  I 
(48%)  or  a  type  II  (52%)  fashion.  The  decay  time  constant  of  neuronal  activity 
after  the  end  of  acceleration  varied  between  10  and  50  seconds  and  always  was 
similar  to  the  time  constant  of  vestibular  nystagmus  ( VN,  see  Figure  IB).  All  units 
also  were  modulated  during  optokinetic  stimulation  (rotation  of  the  visual 
surround  around  the  stationary  monkey).  Modulation  always  was  bidirectional. 
Units  were  activated  during  vestibular  and  optokinetic  stimulation  when  nystag¬ 
mus  had  the  same  direction.  Neurons  were  modulated  at  low  optokinetic 
stimulus  velocities  and  were  saturated  on  average  at  60°/second,  whereas 
optokinetic  nystagmus  (OKN)  could  reach  higher  values  (Figure  2).  During 
sudden  presentation  of  the  optokinetic  stimulus,  neuronal  activity  built  up  slowly 
with  a  time  constant  of  4-6  seconds.  Eye  velocity,  however,  jumped  to  a  velocity 
of  around  30°/second  and  then  rose  more  slowly.  When  lights  were  turned  off 
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during  high-velocity  optokinetic  stimulation,  neuronal  activity  slowly  declined. 
Eye  velocity,  however,  immediately  dropped  to  a  velocity  of  around  50°/second 
and  only  then  slowly  declined,  similar  to  unit  activity.  Conflicting  visual- 
vestibular  stimulation  (rotation  of  the  turntable  and  visual  surround  mechani¬ 
cally  fixed  together)  led  to  an  attenuation  of  neuronal  activity  at  low  (10°/ 
second2)  but  not  at  high  accelerations  (40°/second2),  when  compared  to  the 
values  at  the  same  accelerations  in  the  dark.  Nystagmus  was  attenuated  or  was 
suppressed  completely.  The  decay  time  constant  of  both  nystagmus  and  neuronal 
activity  was  shortened  to  less  than  6-8  seconds  (Figure  1  A). 
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Figure  2.  Same  neuron  as  in  Figure  1  during  optokinetic  stimulation  at  different 
velocities  between  15  and  120°/second.  Same  display  as  in  Figure  1,  without  the  horizontal 
eye  position  signal.  Neuronal  activity  increases  with  stimulus  velocities  to  the  side  opposite 
to  that  which  gives  rise  to  activation  during  vestibular  stimulation.  In  both  cases,  this  leads 
to  nystagmus  (VN  and  OKN)  in  the  same  direction  (contralateral  to  the  side  of  unit 
recording). 


Characteristics  of  floccular  input  most  closely  resembled  type  1  vestibular- 
plus-eye  movement  neurons  in  the  vestibular  nuclei.  Few  neurons  were 
recorded  that  could  be  modulated  by  vestibular  but  not  by  optokinetic  stimula¬ 
tion.  These  neurons  also  had  a  short  decay  time  constant  of  five-six  seconds. 
Their  modulation  with  rapid  eye  movements  excluded  a  peripheral  vestibular 
origin. 

Input  activity  reflecting  visual  image  slip  constitutes  only  5%  of  all  record¬ 
ings.  The  term  image  slip  is  used  instead  of  retinal  slip.  The  amount  of  image  or 
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Figure  3.  Comparison  of  input  unit  (A)  and  P-cell  (B)  activity  during  optokinetic 
nystagmus  and  after-nystagmus.  On  top,  nystagmus  slow-phase  velocity;  on  bottom,  aver¬ 
age  frequency  increase  of  five  input  units  in  A  (three  type  I,  two  type  II)  and  of  seven  type  I 
P-cells  in  B.  Values  were  taken  every  second  for  a  period  of  4  seconds  before  until  14 
seconds  after  the  start  of  stimulation  (lights  on  and  off).  Lights  were  switched  on  (upward 
arrow)  during  rotation  of  the  optokinetic  drum  at  a  velocity  of  60°/second  (A)  or  120°/ 
second  (B).  After  20-30  seconds,  the  lights  were  switched  off  (downward  arrow). 


retinal  slip  is  the  same;  the  direction  is  inverted  by  the  optics  of  the  eyes.  During 
all  conditions  of  whole-field  visual  stimulation,  the  velocity  and  direction  of 
image  slip  were  coded  by  these  units.  With  one  exception,  modulation  was 
bidirectional.  Units  were  not  modulated  during  vestibular  stimulation  or  during 
optokinetic  after-nystagmus  (OKAN).  One  unit  was  recorded  in  the  trained 
monkey.  Although  whole-field  image  slip  clearly  modulated  this  unit,  it  was  not 


Figure  4.  Visual  input  unit  during  optokinetic  stimulation  at  different  velocities  between 
15  and  160Vsecond.  During  stimulation,  any  nystagmus  is  suppressed  by  fixation  of  a 
stationary  light.  First  trace,  unit  activity  (running  average,  250  mseconds);  second  trace, 
horizontal  eye  position;  third  trace,  stimulus  velocity. 
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iccades  to  the  left  (to  the  side  of  recording). 
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influenced  during  smooth  pursuit.  During  OKN-suppression,  the  same  unit 
showed  a  monotonic  increase  in  activity  up  to  30°/second  and  then  saturated 
when  optokinetic  stimulus  velocity  was  increased  further  to  160°/second  (Figure 
4). 


Output  Activity 

Purkinje  cells  (P-cells)  constitute  the  only  output  elements  of  the  cerebellar 
cortex.  They  were  tested  during  conflicting  visual-vestibular  and  optokinetic 
stimulation.  About  10-20%  showed  a  modulation  of  their  simple  spike  (SS) 
activity  during  conflicting  stimulation  and  half  of  them  also  during  constant- 
velocity  optokinetic  stimulation. 

During  conflicting  stimulation,  P-cells  were  modulated  only  at  high  accelera¬ 
tions  (40°/second2).  Acceleration  at  lOVsecond2  had  little  or  no  effect. 

The  same  P-cells  showed  a  small  or  no  response  during  vestibular  stimulation 
even  with  high  accelerations  (Figures  5  and  6A).  About  90%  of  the  P-cells  were 
activated  during  acceleration  to  the  ipsilateral  side,  similar  to  vestibular  type  I 
cells.  Less  than  half  of  them  showed  a  bidirectional  response  with  inhibition 
during  acceleration  to  the  contralateral  side  (Figure  6B). 

Optokinetic  stimulation  activated  P-cells  only  at  velocities  of  60°/second  or 
above  (Figures  7  and  9).  Stimulus  direction  for  activation  is  the  same  as  for 
conflicting  stimulation,  but  elicits  nystagmus  to  the  opposite  direction.  This  is  a 
decisive  difference  between  type  I  vestibular  nuclei  and  floccular  input  units. 
Although  nystagmus  directions  are  opposite  for  conflicting  and  optokinetic 
stimulation,  visual  image  slip  goes  in  the  same  direction  toward  the  ipsilateral 
side.  In  the  fully  alert  animal,  SS  activity  can  be  related  to  image  slip  velocity 
over  a  wide  range.  During  periods  of  inattention,  when  nystagmus  velocity  is 
reduced,  SS  activity  does  not  increase.  This  shows  that  the  signal  that  drives 
activity  in  P-cells  is  derived  from  image  slip  velocity  but  cannot  be  directly 
equated  to  velocity  of  motion  across  the  retina  (Figure  7D).  Presenting  the 
optokinetic  stimulus  suddenly  by  turning  lights  on  during  drum  rotation  led  to  a 
sudden  increase  in  SS  activity  similar  as  for  eye  velocity.  When  lights  were 
turned  off,  P-cell  activity  immediately  returned  to  the  level  of  resting  discharge 
although  nystagmus  only  slowly  decayed  as  OKAN  (Figure  3B).  Complex  spike 
(CS)  activity  was  modulated  in  a  reciprocal  manner  to  SS  activity  under  all 
stimulus  conditions  and  was  equivalent  to  image  slip  velocity  and  direction. 
However,  the  responses  were  not  mirrorlike.  CS  activity  was  bidirectional  and 
responded  to  a  constant-velocity  optokinetic  stimulation  of  30°/second  (Figure 
8). 


Discussion 

Clinical  studies  and  lesion  experiments  in  animals  suggest  a  major  role  in 
visual-vestibular  information  processing  for  the  flocculus.  Therefore,  the  floccu¬ 
lus  should  receive  visual  and  vestibular  information  independently  via  separate 
input  channels.'*  Our  results,  however,  show  that  the  most  frequently  recorded 
MF-input  carries  a  signal  that  already  combines  different  sensory  inputs  together 
with  motor  information.  This  input  most  probably  arises  from  type  I  vestibular- 
plus-eye-movement  units  from  both  sides  of  the  vestibular  nuclei.  These  neurons 
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Ficure  7.  Same  P-cell  as  in  Figure  5  during  optokinetic  stimulation  toward  the  recording 
side  at  different  velocities  between  30  and  160°/second.  At  160°/second,  SS  activity 
decreases  whenever  nystagmus  slow-phase  velocity  decreases. 


reacted  to  vestibular  and  visual  (optokinetic)  stimulation,  and  the  majority  also 
were  modulated  with  fast  eye  movements  and/or  eye  positions."4''7  Another,  less 
often  encountered  input  exclusively  carries  information  about  velocity  of  visual 
image  slip.  We  could  not  record  neuronal  activity  similar  to  that  of  the  vestibular 
nerve,  although  vestibular  nerve  fibers  are  known  to  project  to  the  flocculus.1920 

Our  results  suggest  a  two-stage  processing  of  visual-vestibular  information  in 
the  vestibular  nuclei  and  the  flocculus.  It  therefore  is  necessary  to  compare 
activity  in  these  two  structures  during  the  different  stimulus  combinations.  Our 
hypothesis  is  that  P-cells  are  modulated  when  activity  in  the  vestibular  nuclei  is 
not  adequate  to  move  the  eyes  with  the  required  velocity." 7  During  suppression  of 
vestibular  nystagmus,  eye  velocity  can  be  zero  although  vestibular  nuclei  cells 
are  activated.  During  high-velocity  optokinetic  stimulation,  nystagmus  velocity 
saturates  at  a  level  higher  than  vestibular  nuclei  activity.  Another  example  is 
conflicting  stimulation  at  high  accelerations  (40°/second2),  when  activity  in  the 
vestibular  nuclei  is  similar  to  the  input  from  the  labyrinths  but  observed 
nystagmus  velocity  is  much  slower.  This  could  be  achieved  by  the  opposing 
influence  from  the  flocculus.  Using  low  acceleration  values  (less  than  10°/ 
second2)  neuronal  activity  in  the  vestibular  nuclei  is  much  reduced,  as  is 
nystagmus  velocity,  when  compared  to  the  response  during  vestibular  stimula¬ 
tion  in  darkness.  These  examples  show  that  the  flocculus  can  provide  an  extra 
input  to  the  oculomotor  system  to  either  enhance  or  slow  down  nystagmus 
velocity.  It  is  not  clear  how  and  where  the  two  outputs  from  the  vestibular  nuclei 
and  the  flocculus  converge.  To  provide  this  extra  signal  to  the  oculomotor  system, 
the  flocculus  must  utilize  a  second  input,  which  carries  information  about 
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Figure  8.  Averaged  CS  (A)  and  SS  (B)  activity  together  with  OKN  slow-phase  velocity  (C) 
for  three  type  I  P-cells.  Optokinetic  stimulation  at  different  velocities  to  the  ipsilateral  side. 
Activity  increase  in  A  and  B  is  expressed  in  percent  of  the  resting  discharge.  Resting 
discharge  was  1.3  impulses/second  for  CS  and  56.5  impulses/second  for  SS  activity.  Note 
opposite  modulation  for  CS  and  SS  activity.  SS  activity  increases  with  higher  velocities, 
while  CS  activity  is  depressed  by  a  constant  amount. 


large-field  visual  image  slip.  This  input  can  indicate  whether  nystagmus 
response  is  compensatory  or  not.  The  origin  of  this  input  is  not  clear.  During  j 

optokinetic  stimulation,  activity  in  the  input  units  from  the  vestibular  nuclei 
increases  up  to  velocities  of  60°/second  (Figure  9,  left)  and  during  OKAN, 
decreases  in  parallel  with  the  slow-phase  eye  velocity.  Floccular  P-cells  become  j 

modulated  only  at  velocities  of  40-60°/second  or  above  (Figure  9,  right).  They  , 

show  no  modulation  during  OKAN.  If  lights  are  turned  off  during  high-velocity  t 

OKN.  the  sudden  loss  of  activity  in  floccular  cells  might  be  responsible  for  the  j 

initial  drop  in  nystagmus  velocity.  Our  findings  are  corroborated  by  lesion  / 

studies.  After  flocculectomy,  monkeys  can  generate  OKN  only  up  to  velocities  of  : 
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40  to  60°/second;  visual  suppression  of  VN  is  lost;4  OKAN  is  not  altered.5  OKN 
velocity  also  is  reduced  in  cats.21 

These  findings  can  be  interpreted  within  the  frame  of  the  modified  model  of 
Raphan  and  Cohen.22  This  model  has  an  “indirect"  visual  pathway  going  through 
a  “velocity-storage”  integrator  via  the  vestibular  nuclei.  Within  this  pathway 
OKAN  is  generated.  A  second,  "direct"  visual  pathway  bypasses  the  integrator 
and  the  vestibular  nuclei.  This  pathway  does  not  contribute  to  OKAN,  but  is 
responsible  for  the  fast  increase  of  OKN  and  the  sudden  velocity  drop  in  OKAN 
velocity  after  high-velocity  optokinetic  stimulation.23  Both  pathways  combine  at  a 
stage  beyond  the  vestibular  nuclei.  Some  of  the  functions  ascribed  to  the  direct 
pathway  can  be  found  in  activity  of  floccular  P-cells. 

Summary 

In  the  primate  flocculus,  unit  activity  was  recorded  during  vestibular  (rotation 
of  the  monkey  about  the  vertical  axis  in  complete  darkness),  optokinetic  (rotation 
of  the  visual  surround  around  the  stationary  monkey),  and  conflicting  (rotation  of 
the  visual  surround  and  the  turntable  fixed  together)  stimulation.  Activity 
indicating  two  different  mossy  fiber  inputs  was  recorded.  One  carried  a  signal 
that  was  similar  to  that  in  the  vestibular  nuclei:  during  optokinetic  stimulation, 
neurons  saturated  at  a  velocity  of  60°/second;  and  during  conflicting  stimulation, 
neuronal  activity  was  attenuated  only  at  low  accelerations.  This  input  combines 
vestibular,  visual,  and  oculomotor  information.  Another  mossy  fiber  input 
carried  information  about  visual  image  slip  only.  This  input  indicates  instances 
when  nystagmus  is  not  compensatory.  Purkinje  cells  were  modulated  in  their 
simple  spike  activity  during  optokinetic  stimulation  only  at  high  stimulus  veloci¬ 
ties  of  40-60°/second  and  above,  and  during  conflicting  stimulation  at  high 
accelerations.  This  suggests  a  complementary  information  processing  of  the 
flocculus  and  the  vestibular  nuclei  during  visual-vestibular  stimulation.  The 
findings  are  corroborated  by  lesion  studies  in  primates. 
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Introduction 

As  an  individual  moves,  the  eyeballs  must  rotate  at  the  same  speed,  but  in  the 
opposite  direction,  as  head  rotation  for  images  to  be  stabilized  on  each  retina. 
Such  movements  are  made  automatically  by  the  vestibulo-ocular  reflex  (VOR). 
Its  effectiveness  may  be  measured  by  the  gain  of  the  reflex:  eye  velocity  divided 
by  head  velocity.  Normally  the  gain  is  close  to  1.0,  so  that  images  do  not  slip  on 
the  retina  when  the  head  moves.  The  VOR  must  have  some  type  of  maintenance 
system  that  monitors  its  gain  (by  vision)  and  corrects  it  when  it  falls  out  of 
calibration.  In  a  young  animal  this  system  is  responsible  for  maintaining  calibra¬ 
tion  as  the  organism  grows.  Growth  of  the  skull — which  alters  the  angular 
relations  between  the  orbits1  and  the  semicircular  canals— and  changes  in  the 
mechanical  parameters  of  the  eyeball  and  eye  muscles  must  be  compensated  if 
the  system  is  to  continue  working.  In  the  mature  animal  the  task  becomes  one  of 
preserving  the  gain  of  the  vestibulo-ocular  system  in  spite  of  the  continual 
disturbing  effects  of  cell  death  during  aging.  The  enormous  anatomical  variations 
between  members  of  a  species  suggest  that  genetic  programming  alone  cannot 
maintain  the  VOR.2  The  mechanism  responsible  for  optimizing  the  VOR  has 
been  described  as  a  motor-learning  system  capable  of  making  parametric 
changes  by  modifying  synaptic  strengths.34 

The  ability  of  this  repair  mechanism  to  change  the  VOR  has  been  demon¬ 
strated  by  adapting  animals  and  humans  to  optical  devices  that  change  the 
relationship  between  the  apparent  motion  of  visual  objects  and  head  rotation. 
Melvill  Jones  and  his  colleagues  have  studied  the  effect  of  chronic  vision  through 
Dove  prisms.5'7  These  prisms  reverse  the  seen  world  from  left  to  right  and  make  it 
appear  to  move  in  the  same  direction  as  the  head  when  the  latter  moves.  After  an 
adaptation  period,  the  gain  was  found  to  be  reduced.  Miles  and  his  colleagues 
found  that  a  telescope  lens  system  that  magnifies  the  visual  world  can  be  used  to 
raise  the  VOR  gain.8  9  In  each  of  these  and  similar  situations,  the  gain  always  rose 
or  fell  in  such  a  way  as  to  lessen  or  eliminate  retinal  image  slip  during  head 
movements.  This  form  of  adaptive  motor  plasticity  now  has  been  well  established 
in  a  variety  of  species. 

Not  only  must  the  speed  of  a  compensatory  eye  movement  be  correct,  its 
direction  must  be  just  opposite  to  that  of  the  head  to  keep  the  line  of  sight 
stationary  in  the  visual  environment.  We  can  think  of  vestibular  eye  compensa¬ 
tory  movements  as  occurring  in  a  plane  parallel  to  the  plane  of  head  rotation.  The 
wrong  orientation  of  the  plane  of  the  eye  movement  would  cause  images  to  slip 
on  the  retina.  If  the  planes  of  action  of  pairs  of  extraocular  muscles  were  exactly 
parallel  to  those  of  synergistic  pairs  of  semicircular  canals,  the  arrangement 

•This  research  was  supported  by  Training  Grant  No.  EY07047  (L.W.S.)  and  by  Research 
Grant  No.  EY00598  (D.A.R.)  from  the  National  Eye  Institute,  National  Institutes  of  Health. 
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would  be  simple.  Stimulation  of  one  pair  of  canals  would  create  a  movement  by 
only  one  pair  of  muscles  for  each  eye.  Should  the  system  become  inaccurate  over 
time,  it  could  be  recalibrated  simply  by  changing  the  gains  of  the  direct  pathways 
between  single  canal  pairs  and  their  target  muscles.  No  changes  between  a  given 
canal  pair  and  other  muscles  would  be  necessary.  The  eye  muscle  planes, 
however,  are  not  parallel  to  the  planes  of  the  semicircular  canals,  so  the  pattern 
of  connectivity  is  more  complicated.  This  fact  means  that  a  head  rotation  in  the 
plane  of  one  canal  pair  must  cause  a  response  in  all  pairs  of  eye  muscles.  It  has 
been  shown,  in  fact,  that  stimulation  of  any  single  ampullary  nerve  results  in  an 
eye  movement  driven  by  tension  changes  in  every  eye  muscle;  stimulation  of  the 
left  anterior  canal  nerve  in  alert  cats  increased  tension  in  the  left  medial  and  the 
right  lateral  rectus  as  well  as  in  the  vertical  muscles.1011  Normally,  in  this 
example,  symmetrical  connections  from  the  right  anterior  canal  to  the  left¬ 
ducting  horizontal  muscles  prevent  a  vertical  head  rotation  from  causing  hori¬ 
zontal  eye  movements.  This  report  will  show  that  visual  experience  can  unbal¬ 
ance  these  connections  so  that  vertical  head  rotations  can  be  made  to  cause 
reflexive  horizontal  eye  movements. 

More  generally,  the  wiring  of  the  semicircular  canals  to  the  extraocular 
muscles  may  be  described  mathematically  as  a  coordinate  transformation  as 
shown  in  Figure  1.  A  head  rotation  may  be  described  as  a  vector,  H,  directed 
along  the  axis  about  which  the  head  is  spinning  (and  perpendicular  to  the  plane 
of  rotation)  with  components  in  an  earth-fixed  Cartesian  coordinate  system.  This 
head  rotation  stimulates  the  three  canal  pairs,  the  activity  of  which  represents  the 
same  vector,  but  described  now  as  C  with  components  in  the  coordinate  yystem  of 
the  canals  (column  vector  on  the  right  in  FIGURE  1).  The  vector  C  then  is 
transformed  by  a  brain-stem  connections  matrix  JB],  shown  as  the  3  x  3  array  in 
Figure  1.  The  numbers  in  the  array  describe  the  strengths  of  all  the  projections 
from  the  canals  to  the  muscles  of  the  left  eye.  The  original  vector  H  now  is 


Figure  1.  The  neural  connections  between  synergistic  semicircular  canal  pairs  and 
antagonist  extraocular  muscle  pairs  for  each  eyeball  are  represented  by  a  matrix  of 
weighting  elements.  See  text  for  description,  rhlh,  right  and  left  horizontal  canal  pair:  larp, 
left  anterior  right  posterior  canal  pair;  lpra,  left  posterior  right  anterior  canal  pair;  lmr, 
lateral  medial  recti;  sir,  superior  inferior  recti;  sio,  superior  inferior  obliques. 
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represented  as  a  vector  M  in  the  coordinate  system  of  the  muscles  (the  column 
vector  on  the  left  in  Figure  1).  This  motor  vector  then  creates  an  eye  rotation,  E, 
expressed  in  the  same  eajlh- fixed  Cartesian  coordinate  system  as  H. 

Normally,  the  vector  E  must  equal  - jd  fqr^ compensatory  eye  movements.  In 
that  case,  since  the  transformationjrom  H  to  C  can  be  calculated  by  geometry,  as 
can  the  transformation  from  M  to  E,  the  middle  transformation  matrix  [B],  shown 
in  Figure  1,  can  be  calculated.  For  the  numerical  values  shown,  we  considered 
the  lateral  canals  to  be  tilted  backwards  by  30°  from  a  plane  horizontal  with 
respect  to  the  head  and  the  vertical  canals  to  lie  in  vertical  planes  oriented  at 
±45°  from_a  parasagittal  plane.  This  allowed  calculation  of  thejrotation jrpatrix 
between  H  and  C.  The  relationship  between  the  vectors  M  and  E  was 
determined  from  Table  I  of  the  calculations  of  Robinson  for  the  primary 
position. n  These  assumptions  then  led  to  the  calculation  of  the  values  in  the 
matrix  [B]  in  Figure  1.  The  values  of  these  elements  are  only  approximate  since 
they  are  based  on  some  anatomical  assumptions,  but  they  should,  nonetheless, 
indicate  roughly  the  relative  overall  strengths  of  connections  between  the  three 
coplanar  canal  pairs  and  the  three  antagonist  pairs  of  extraocular  muscles  on  a 
given  eyeball.  Since  each  canal  of  a  pair  excites  one  muscle  and  inhibits  its 
antagonist,  each  element  in  the  matrix  represents  4  neural  pathways  so  that  36 
pathways  actually  are  involved.  For  eye  movements  to  compensate  for  head 
rotation  so  that  image  slip  on  the  retina  is  a  minimum,  each  part  of  this  matrix 
must  be  correct.  If  the  strength  of  any  of  those  pathways  changes  due,  for 
example,  to  cell  death  from  disease  or  aging,  eye  movements  will  fail  to  be 
compensatory  in  speed  and  direction.  To  reestablish  calibration,  the  remaining 
synapses  must  carry  more  than  their  original  share  of  the  signal.  This  requires 
selective  plastic  changes  to  restore  individual  components  of  the  matrix  to  their 
original  values. 

We  felt  that  it  should  be  possible  to  simulate  this  type  of  plastic  adjustment  by 
altering  the  direction  of  retinal  slip  relative  to  the  direction  of  head  movement. 
Such  visual-vestibular  experience  might  induce  plastic  changes  in  the  individual 
contributions  to  eye  movements  from  different  semicircular  canal  pairs.  These 
artificially  induced  changes  in  the  off-diagonal  elements  of  the  transformation 
matrix  should  change  the  direction  in  which  the  eye  moves  as  well  as  its  speed. 
Vestibular  nystagmus  then  would  contain  a  component  outside  the  plane  of  head 
rotation. 

The  first  experiments  to  study  modification  of  the  plane  of  the  vestibulo- 
ocular  reflex  were  done  by  John  Hay  and  others.13  '6  Human  subjects  in  a  dark 
room  tracked  a  dim  luminous  dot  that  moved  horizontally  in  synchrony  with 
vertical  head  nodding.  For  example,  as  a  subject’s  head  rotated  down,  the  dot 
was  tracked  to  the  left;  up  rotation  moved  the  target  dot  to  the  right.  After  a 
training  period,  the  subject  reported  an  illusory  horizontal  movement  of  a 
stationary  dot  during  vertical  head  movement.  This  illusory  movement  was  in  the 
direction  opposite  to  that  of  the  dot  during  training.  Since  the  dot  was  not  moving, 
it  was  presumed  that  some  type  of  motor  learning  must  have  occurred  to  drive  the 
subject’s  eyes  in  the  same  direction  as  during  training.  This  suggests  that  the 
vestibulo-ocular  reflex  was  plastically  modified  outside  of  the  plane  of  head 
rotation.  No  eye  movements  were  measured  in  these  experiments.  Also,  active 
head  movements  were  used,  so  the  development  of  some  sort  of  predictive 
tracking  based  on  an  intended  head  movement  cannot  be  ruled  out.  We  wanted 
to  confirm  these  results  objectively  and  chose  the  cat  for  our  experimental 
subject  because  previous  studies  had  shown  that  plasticity  of  the  gain  of  the  VOR 
was  abolished  by  vestibulocerebellectomy.17  If  one  thinks  of  a  vestibular  eye 
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movement  as  a  vector  with  both  magnitude  and  direction,  it  would  seem 
reasonable  to  suppose  that  vestibulocerebellectomy  also  would  abolish  plasticity 
of  the  direction  of  the  VOR,  and  we  wanted  to  test  this  idea. 


Methods 

Eight,  healthy,  female  cats  weighing  between  seven  and  nine  pounds  were 
prepared  chronically  with  a  skull  implant,  to  prevent  voluntary  head  movements, 
and  a  subconjunctival  search  coil  by  which  eye  movements  could  be  monitored.1* 
The  magnetic-field  method  of  measuring  eye  movements  has  been  described 
elsewhere.18  Cats  were  restrained  in  a  plastic  box  that  was  able  to  rotate  in  pitch 
±25°  about  an  interaural  axis  within  the  magnetic  field.  A  wooden  frame 
supporting  the  magnetic-field  coils  and  the  cat  box  could  rotate  in  yaw.  Horizon¬ 
tal  head  position  was  sensed  by  a  potentiometer  coupled  to  the  wooden  frame.  A 
second  search  coil  attached  to  the  cat  box  provided  a  measurement  of  vertical 
angular  head  position.  Since  the  cat’s  head  moved  within  the  magnetic  field 
during  vertical  head  rotation,  vertical  eye  position  in  the  orbit  was  derived  by 
electronic  subtraction  of  vertical  head  displacement  from  vertical  eye  displace¬ 
ment  with  respect  to  the  field.  The  entire  system  had  a  sensitivity  of  0.25“  over  a 
bandwidth  of  0-1,000  Hz. 

An  optokinetic  drum,  which  surrounded  the  animal,  could  be  driven  by  a 
feedback  control  system  so  that  horizontal  drum  position  was  proportional  to 
vertical  head  position  (see  Figure  2).  The  distance  that  the  drum  rotated 
horizontally  for  a  given  vertical  head  rotation  was  adjustable.  Typically,  drum 
motion  was  50%  greater  than  head  motion.  Eye  movements  were  monitored 
continuously  to  be  certain  that  the  animal  was  alert. 


Figure  2.  The  experimental  method.  Vertical  head  velocity  (H)  was  created  by  forced 
oscillations  about  an  interaural  axis.  This  motion  was  made  to  cause  proportional  horizontal 
movement  of  an  optokinetic  drum  (D).  This  entire  system  was  attached  to  a  wooden  frame 
that  could  be  rotated  horizontally. 
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After  an  initial  demonstration  of  plasticity  in  two  cats,  their  vestibulocerebel- 
lum  (nodulus  and  flocculi)  was  removed  by  aspiration  under  visual  control 
through  trephine  holes  over  the  posterior  fossa.  The  cats  subsequently  were 
sacrificed,  and  their  cerebellums  examined  grossly  to  verify  that  the  appropriate 
lobes  were  removed.  Histology  was  not  available  at  the  time  this  report  was 
written. 


Results 

After  a  training  period  in  which  the  optokinetic  drum  moved  horizontally  in 
synchrony  with  vertical  head  oscillations,  the  VOR  was  measured  in  the  dark 
and  compared  to  control  values  obtained  before  training.  In  normal  animals 
before  training,  vestibular  nystagmus  generated  by  quasi>sinusoidal  vertical  head 
rotation,  shown  in  Figure  3A,  was  entirely  vertical  with  no  horizontal  compo¬ 
nent.  After  training,  vestibular  nystagmus  contained  a  horizontal  component,  as 
shown  in  Figure  3B.  This  is  an  example  of  pure  vertical  head  movements 
producing  horizontal  eye  movements  in  the  dark.  This  demonstrated  what  we 
called  cross-axis  plasticity.  The  ratio  of  eye  velocity  of  the  horizontal  component 
of  nystagmus  to  vertical  head  velocity,  we  called  the  cross-axis  ratio.  In  an 
untrained  animal  this  was  zero.  All  eight  animals  exhibited  a  cross-axis  horizon- 


Figure  3.  Horizontal  cross-axis  nystagmus  during  vertical  head  oscillation.  (A)  Before 
training,  there  was  no  horizontal  nystagmus  in  the  dark  when  the  cat  was  rotated  in  pitch. 
(B)  After  training,  horizontal  eye  movements  were  generated  in  the  dark  when  the  cat  was 
oscillated  vertically.  These  horizontal  eye  movements  moved  in  the  same  direction  as  the 
drum  did  during  training.  There  was  no  change  in  the  gain  of  the  vertical  VOR.  Upward 
and  rightward  movements  are  on  the  recordings.  Note  different  scales  for  horizontal  and 
vertical  movements. 
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Figure  4.  The  cross-axis  ratio  (peak  horizontal  eye  velocity/peak  vertical  head  velocity) 
increased  with  the  duration  of  training.  After  about  three  to  five  hours,  the  cross-axis  ratio 
ranged  from  0.33  to  0.18  with  a  typical  value  of  0.25  and  a  typical  standard  deviation  of 
±0.03,  as  shown  for  one  cat  at  three  hours.  The  three  different  traces  apply  to  three 
different  cats. 


tai  nystagmus  after  training.  The  cross-axis  ratio  increased  with  the  amount  of 
time  that  the  animal  was  exposed  to  a  situation  in  which  horizontal  retinal  slip 
was  correlated  with  vertical  head  rotation.  Figure  4  shows  that  after  five  hours  of 
sinusoidal  rotation  in  this  visual-vestibular  conflict  situation  in  which  drum 
velocity  was  50%  greater  than  vertical  head  velocity,  the  slow  phases  of 
horizontal  nystagmus  had  a  peak  velocity  that  was  20  to  30%  of  peak  vertical 
head  velocity. 

If  the  cat  then  remained  in  the  restraint  box  overnight  without  moving  its 
head,  the  horizontal  nystagmus  generated  by  vertical  head  movements  persisted, 
indicating  that  a  plastic  change  had  occurred,  a  change  that  was  stable  over  time 
in  the  absence  of  any  new  visual-vestibular  experience.  On  the  other  hand,  if  an 
animal  that  had  been  adapted  for  several  hours  then  was  rotated  vertically  in  the 
light  with  the  optokinetic  drum  removed,  the  cross-axis  nystagmus  disappeared 
within  about  half  an  hour.  The  cross-axis  nystagmus  is  unlearned  more  quickly 
than  it  is  learned. 

In  one  adapted  cat  with  a  cross-axis  ratio  of  0.29,  no  change  in  either  the 
vertical  or  horizontal  components  of  the  VOR  themselves  was  observed  in  the 
dark.  During  a  vertical  head  movement,  the  vertical  component  of  eye  speed  was 
normal;  and  during  a  horizontal  head  movement,  the  eye  moved  at  the  normal 
speed  horizontally.  Thus,  off-diagonal  terms  of  the  transformation  matrix  in 
Figure  1  could  be  changed  plastically  without  affecting  the  main  diagonal 
elements.  Furthermore,  in  an  adapted  cat,  the  established  cross-axis  ratio  was  not 
decreased  by  rotating  the  cat  horizontally  in  a  stationary  visual  environment. 
Therefore,  visual-vestibular  experience  in  one  plane  did  not  modify  visual- 
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vestibular  learning  in  another  plane.  This  implies  that  the  neural  maintenance 
mechanism  can  effect  repairs  in  the  parts  of  the  reflex  that  are  malfunctioning 
without  changing  those  pathways  that  are  driving  the  eyes  appropriately. 

We  suspected  that  an  altered  correlation  between  retinal  image  slip  signals 
and  canal  afference  was  responsible  for  modification  of  the  direction  of  the 
vestibulo-ocular  reflex.  To  test  this,  we  adapted  each  of  three  cats  with  different 
ratios  of  horizontal  drum  velocity  to  vertical  head  velocity.  The  difference 
between  drum  velocity  and  horizontal  eye  velocity  is  horizontal  retinal  slip 
velocity.  By  rotating  the  animals  through  a  small  amplitude  (7°)  at  a  high 
frequency  (0.5  Hz),  peak  horizontal  eye  velocity  was  relatively  constant  regard¬ 
less  of  peak  drum  speed,  because  the  optokinetic  system  is  unable  to  keep  up 
with  such  drum  speeds  and  frequencies.  Consequently,  we  could  vary  retinal  slip 
independently  of  the  efferent  command  to  the  eye  muscles.  In  three  cats  the 
cross-axis  ratio  that  developed  after  two  hours  of  training  increased  as  a  function 
of  peak  horizontal  retinal  slip  velocity  during  training.  The  ratio  increased  from  a 
typical  value  of  0.12  when  peak  retinal  slip  was  small  (lOVsecond)  to  a  value  of 
0.2  when  slip  was  large  (30°/second). 

We  wondered  if  this  change  of  the  direction  of  the  VOR  occurred  only  at  the 
training  frequency  or  if  the  system’s  modifications  extended  over  all  stimulus 
frequencies.  Three  cats  were  adapted  at  0.25  Hz  for  two  hours  and  then  rotated  in 
the  dark  at  higher  frequencies  (0.5  and  1.0  Hz)  and  a  lower  frequency  (0.125  Hz). 
The  peak  velocity  of  the  stimulating  waveform  was  kept  constant  at  all  frequen¬ 
cies.  Some  horizontal  nystagmus  was  observed  at  all  frequencies,  but  in  the  dark 
at  the  training  frequency,  the  cats  exhibited  a  larger  cross-axis  ratio  than  they  did 
at  the  high  frequencies  by  a  factor  of  60%.  The  cross-axis  ratio  at  half  the  training 
frequency  was  equal  to  or  slightly  higher  than  the  cross-axis  ratio  at  the  training 
frequency.  Thus,  adaptation  was  seen  at  all  frequencies,  but  was  greater  over  a 
range  of  low  frequencies  near  the  training  frequency. 

When  the  cat  box  was  rotated  with  a  step  change  of  vertical  angular 
displacement,  a  horizontal  slow  phase  appeared  that  took  off  at  the  same  time  as 
the  vertical  slow  phase.  Since  both  the  normal  vertical  VOR  and  the  learned 
horizontal  nystagmus  appeared  to  have  the  same  latency,  it  seems  reasonable 
that  the  cross-axis  movements  probably  resulted  from  a  modification  of  the 
vestibulo-ocular  reflex  and  were  not  some  learned  pursuit  movement  that  could 
be  made  in  the  dark. 

To  see  if  cerebellar  lesions  could  affect  plastic  changes  in  VOR  direction  as 
well  as  VOR  speed,  we  surgically  removed  the  nodulus  and  both  flocculi  by 
aspiration  in  two  cats.  It  was  necessary  to  remove  the  lateral  aspects  of  the 
paraflocculus  and  lobule  IX  and  part  of  VIII  in  the  vermis  to  reach  the  vestibular 
structures.  Preoperatively,  both  cats  had  been  rotated  passively  to  demonstrate 
the  development  of  a  cross-axis  VOR.  One  cat  had  a  cross-axis  ratio  of  0.26,  and 
the  other  a  ratio  of  0.36,  after  three  hours  of  training.  The  cats  were  able  to  walk 
and  feed  themselves  within  two  days  after  surgery.  One  week  later  each  cat  was 
rotated  passively  while  wearing  Dove  prisms  to  determine  if  gain  plasticity 
remained.  Both  cats  exhibited  a  horizontal  VOR  gain  of  close  to  1.0  in  the  dark 
before  rotation.  No  significant  change  was  observed  after  three  hours  of  oscilla¬ 
tion  with  reversed  vision.  This  result  indicated  that  gain  plasticity  had  been 
abolished  as  shown  previously'7  and  helped  to  confirm,  in  the  living  animal,  that 
the  vestibulocerebellum  had  been  removed  successfully. 

Next,  plasticity  of  the  VOR  direction  was  examined.  Neither  cat  produced  a 
horizontal  nystagmus  after  three  hours  of  training  to  develop  a  cross-axis  VOR. 
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Six  weeks  after  surgery  further  attempts  to  change  the  direction  of  slow-phase 
eye  movements  during  passive  rotation  in  pitch  produced  negative  results.  These 
lesions  appear  to  have  abolished  the  ability  to  make  plastic  changes  in  the 
directional  plane  of  the  vestibulo-ocular  reflex. 


Discussion 

Cross-axis  nystagmus  was  found  in  every  cat  we  trained.  We  conclude  that  it 
is  a  general  phenomenon  normally  present  in  all  members  of  the  species.  Since 
the  cross-axis  eye  movements  had  the  same  latency  as  the  VOR,  cross-axis 
plasticity  probably  represents  a  modification  of  the  normal  vestibulo-ocular 
wiring,  as  shown  in  Figure  1,  as  a  consequence  of  the  system’s  ability  for 
self-repair,  rather  than  some  learned  following  movement  that  can  occur  in  the 
dark.  Vestibulo-ocular  plasticity  across  axes— like  plasticity  of  the  gain  of  the 
reflex  within  the  plane,  which  appears  to  have  the  purpose  of  eliminating  retinal 
slip  during  head  motion— seemed  to  depend  on  the  magnitude  and  direction  of 
image  slip  on  the  retina  during  training.  The  stimulus  appeared  to  be  an  altered 
correlation  between  head  movement  and  retinal  slip  rather  than  a  comparison 
between  head  movement  and  the  resultant  eye  movement  during  this  learning. 
The  sensitivity  of  each  pathway  from  every  canal  to  every  eye  muscle  probably 
can  be  changed  independently  as  needed,  so  that  the  whole  reflex  can  be 
optimized.  These  data,  taken  together,  suggest  that  gain  plasticity  within  the 
plane  of  head  rotation  is  a  special  case  of  a  more  general  vestibulo-ocular 
plasticity  where  the  direction  in  which  the  eye  moves  is  controlled  as  well  as  its 
speed. 

Although  the  anatomical  locus  of  these  plastic  changes  remains  unknown,  the 
pathways  must  have  certain  special  characteristics.  They  must  have  a  large 
number  of  parallel  components  with  similar  connections  to  preserve  the  overall 
functional  integrity  in  spite  of,  say,  cell  death.  They  also  must  have  the  ability  to 
modify  selectively  individual  pathways  from  every  canal  to  every  muscle.  This 
could  be  accomplished  by  the  convergence  of  signals  from  more  than  one  canal 
onto  cells  whose  dendritic  synapses  can  be  altered  selectively  by  retinal  slip.  The 
site  of  vestibulo-ocular  plasticity  must  have  the  memory  storage  capacity  to  retain 
changes  in  the  VOR  when  they  are  needed  and  to  erase  those  that  are  no  longer 
appropriate.  The  cerebellar  cortex  certainly  satisfies  the  requirements  of  redun¬ 
dant  connections  and  canal  convergence;2®'21  however,  it  is  less  certain  that  it 
contains  the  mechanism  for  memory.22-22  It  may  be  that  VOR  plasticity  is  not 
confined  to  a  single  locus,  but  rather  is  distributed  along  a  set  of  serial  circuits  so 
that  a  number  of  small  synaptic  changes  in  cascade  can  effect  a  large  overall 
change  in  the  reflex.  We  suggest,  nevertheless,  that  the  cerebellum  is  an 
important  component  of  the  learning  machine  that  enables  modification  of  the 
direction  as  well  as  the  gain  of  the  reflex,  although  its  exact  mode  of  action 
remains  unknown. 
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The  vestibulo-ocular  reflex  (VOR)  functions  to  maintain  ocular  stability 
during  head  turns  by  generating  compensatory  eye  movements  that  offset  the 
head  rotation.  The  ultimate  purpose  of  these  compensatory  eye  movements  is  to 
prevent  head  movements  from  seriously  disturbing  the  retinal  image,  and  in  the 
monkey  they  do  so  very  well:  the  VOR  has  a  gain  (measured  as  magnitude  of 
compensatory  eye  movement  divided  by  magnitude  of  head  rotation  in  the  dark) 
close  to  unity.1  A  number  of  studies  in  a  variety  of  species  have  demonstrated  that 
the  VOR  is  very  sensitive  to  prolonged  optical  disturbances  of  the  visual  input 
associated  with  head  turns. 1,6  Magnifying  telescopic  spectacles,  for  example, 
elicit  a  gradual  increase  in  the  gain  of  the  reflex,  while  diminishing  spectacles 
bring  about  a  decrease.  Since  these  visually  mediated  changes  operate  always  to 
improve  the  stability  of  the  retinal  image  during  head  rotations,  the  reflex  is  said 
to  possess  adaptive  gain  control,  the  purpose  of  which  is  to  establish  and 
maintain  appropriate  calibration  of  the  system.  In  order  to  do  this,  the  system 
must  be  able  to  detect  gain  errors  and  utilize  them  to  effect  an  appropriate  gain 
adjustment.  However,  gain  is  a  derived  physical  measure  of  the  VOR’s  perfor¬ 
mance  that  is  not  directly  available  to  the  nervous  system,  and  the  purpose  of  this 
paper  is  to  discuss  the  mechanism(s)  by  which  the  system  computes  VOR  gain 
errors. 

Any  shortcomings  in  the  gain  of  the  VOR  will  result  in  persistent  retinal  slip 
during  head  turns,  and  the  associated  visual  inputs  will  signal  the  need  for  gain 
adjustment.  Of  course,  the  system  cannot  diagnose  gain  errors  from  retinal  slip 
alone  and  must  relate  it  in  some  way  to  the  ongoing  head  movement.  The 
directional  relationship  between  the  slip  and  the  head  movement  reliably 
indicates  the  direction  in  which  the  VOR  gain  needs  to  be  changed  to  achieve 
better  image  stabilization,  and  most  models  of  the  adaptive  mechanism  invoke 
some  directionally  selective  visual  influence  on  transmission  in  vestibular  path- 
ways.4-7-’7  The  ultimate  dependency  on  visual  and  vestibular  inputs  is  clearly 
obligate  since  they  alone  provide  the  central  nervous  system  with  the  relevant 
information  about  the  physical  world.  However,  this  need  not  mean  that  the 
system  necessarily  uses  visual  and  vestibular  signals  per  se  to  guide  calibration— 
any  reliable  central  correlates  of  the  same  might  serve  equally  well. 


Substitutes/or  Vestibular  (Head-Velocity)  Signals? 

Animals  like  the  rabbit  that  never  track  moving  targets  use  smooth  eye 
movements  solely  to  compensate  for  head  rotations,  always  with  the  object  of 
stabilizing  their  eyes  with  respect  to  the  stationary  surroundings.  In  such  animals, 
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the  mechanism  regulating  VOR  gain  might  utilize  eye-velocity  signals  rather  than 
head-velocity  (vestibular)  signals  to  decipher  errors:  if  smooth  eye  movements 
are  accompanied  consistently  by  retinal  slip  in  the  same  direction  as  the  eye 
movements,  it  would  indicate  that  the  compensatory  eye  velocities  in  general  are 
not  large  enough,  a  situation  that  could  be  remedied  by  increasing  the  gain  of  the 
VOR;  conversely,  if  slip  and  eye  velocity  are  in  opposing  directions,  it  would 
indicate  the  need  for  a  decrease  in  the  gain  of  the  VOR.  There  is  evidence  that 
this,  indeed,  is  the  mode  of  operation  in  the  rabbit,  i.e.,  the  system  computes  VOR 
gain  errors  using  eye-velocity  signals  rather  than  head-velocity  signals."  With 
optical  devices  such  as  magnifying  or  reducing  telescopic  spectacles  that  call 
merely  for  an  increase  or  decrease  in  the  gain  of  the  VOR,  such  a  mechanism 
would  be  expected  to  operate  appropriately  and  be  indistinguishable  from  one 
deriving  error  information  from  retinal  slip  and  head-velocity  signals.  However, 
there  are  other  optical  arrangements  that  can  be  used  to  distinguish  between  the 
two  mechanisms.  Collewijn  and  Grootendorst  observed  that  when  the  rabbit  was 
oscillated  passively  in  optical  situations  producing  left-right,  or  mirror,  reversal 
of  the  visual  input,  the  gain  of  the  VOR  decreased  for  the  first  hour  or  so  but 
thereafter  showed  a  gradual  and  consistent  increase.  On  examining  the  original 
eye-movement  records,  they  observed  that  for  the  first  hour  or  so,  the  animal's 
compensatory  eye  movements  in  the  light  were  attenuated  and  normally  directed 
but  thereafter  showed  reversal."  Thus,  while  the  directional  relationship 
between  retinal  image  slip  and  head  movement  remained  unchanged  through¬ 
out,  the  directional  relationship  between  retinal  image  slip  and  eye  movement 
underwent  a  reversal  at  the  time  that  the  VOR  gain  stopped  falling  and  began  to 
increase.  When  retinal  image  slip  and  eye  movements  were  in  opposing  direc¬ 
tions,  VOR  gain  decreased,  and  when  the  two  movements  were  in  the  same 
direction,  VOR  gain  increased.  Further  evidence  that  the  velocity  of  the  eyes 
rather  than  of  the  head  is  the  relevant  parameter  is  the  demonstration  that  the 
gain  of  the  rabbit’s  VOR  can  be  increased  merely  by  exposing  the  animal  to 
sinusoidal  optokinetic  stimulation  with  its  head  fixed  in  position."  In  this 
situation  the  animal  experiences  retinal  image  slip  that  is  always  in  the  same 
direction  as  its  smooth  eye  movements:  the  fact  that  those  eye  movements  are 
elicited  by  tracking  rather  than  the  VOR  seems  to  be  unimportant.  Thus,  in  the 
rabbit,  VOR  gain  changes  can  be  elicited  in  the  total  absence  of  head  movements. 
Similar  mechanisms  probably  operate  in  the  goldfish  since  prolonged  sinusoidal 
optokinetic  stimulation  also  is  known  to  increase  the  gain  of  the  VOR  in  this 
species.” 

We  have  carried  out  similar  experiments  on  the  monkey  and  conclude  that  in 
this  species,  eye  movements  per  se  are  irrelevant  so  far  as  adaptive  gain  control 
of  the  VOR  is  concerned.  When  the  normal  monkey  was  subjected  to  passive 
sinusoidal  oscillations  while  wearing  Dove  prism  spectacles  that  produced 
left-right  reversal  of  visual  inputs,  the  gain  of  the  animal's  VOR  consistently 
showed  a  gradual  decrease.  However,  the  animal’s  compensatory  eye  move¬ 
ments  were  very  variable  during  exposure  to  the  reversed  vision,  showing 
reversal  during  some  cycles  but  not  others.  Thus,  from  the  viewpoint  of  the 
directional  association  between  retinal  slip  and  the  movements  of  the  eyes  and 
head,  the  situation  was  ambiguous.  A  clear  distinction  between  mechanisms 
using  signals  encoding  eye  velocity  as  against  head  velocity  is  possible  only  when 
both  vision  and  the  associated  "compensatory”  eye  movements  are  reversed 
consistently.  Then,  if  head  velocity  were  the  relevant  parameter,  VOR  gain 
would  decrease  while  if  eye  velocity  were  involved,  VOR  gain  would  increase. 
In  order  to  insure  consistently  reversed  eye  movements  during  oscillation  with 


Miles  &  Lisberger:  VOR  Plasticity 


515 


A. 


EYE 

POSN 

HEAD 

POSN. 

HEAD 

VEL. 

EYE 

VEL 


i/V^vXjwVW 

/wwwvwee: 

25R 
O'/s 
25L 
25R 

O'/s 
251 

5  sec  1 


B. 


Fixed 

Field  Spectacles 
ion 


TIME  (mini 


Figure  1.  Effect  of  reversed  vision  and  reversed  "compensatory"  eye  movements  on  the 
monkey’s  horizontal  VOR  gain.  A:  Sample  records  showing  the  reversed  "compensatory” 
eye  movements  of  a  monkey  with  low  VOR  gain  during  passive  oscillation  in  the  light  while 
wearing  left-right  reversing  Dove  prism  spectacles  (0.2  Hz,  ±20°).  B:  Time  course  of  the 
changes  in  a  monkey's  VOR  gain  resulting  from  passive  oscillation  (0.2  Hz,  ±20°)  while 
wearing  fixed-field  goggles,  later  replaced  by  left-right  reversing  Dove  prism  spectacles. 
Time  refers  to  time  actually  spent  looking  through  the  spectacles  and  was  estimated  from 
continuous  polygraph  records  of  the  animal's  eye  movements.  Error  bars  indicate  standard 
deviations. 


the  Dove  prism  spectacles,  we  first  reduced  the  VOR  gain  to  very  low  levels  by 
fitting  the  monkey  with  goggles  that  provided  a  visual  field  that  always  was  fixed 
with  respect  to  the  head.1  When  these  goggles  subsequently  were  replaced  with 
reversing-prism  spectacles,  the  animal’s  compensatory  eye  movements  during 
passive  oscillation  in  the  light  showed  consistent  reversal  (Figure  1A).  Though 
the  gain  of  the  VOR  (as  usual,  measured  in  the  dark)  already  was  very  low,  it 
actually  showed  a  further  slight  decrease  after  the  animal  was  oscillated  with 
reversed  vision  (Figure  IB).  Thus,  the  adaptive  mechanism  in  the  monkey  always 
responds  to  the  revereed-vision  situation  in  the  same  way  that  it  responds  to 
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and  when  stationary,  respectively.  C  and  D:  Sample  records  of  the  animal’s  eye  movements  after  two  days  inside  an  oscillating  optokinetic  drum 
(0.2  Hz,  ±25°  sinusoids)  when  passively  oscillated  about  the  vertical  (0.2  Hz,  ±20°)  and  when  stationary,  respectively.  Note  the  transient 
postsaccadic  ocular  drifts  when  the  animal  is  stationary  and  the  postsaccadic  surges  in  eye  velocity  during  oscillation  (see  arrows). 
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reducing  spectacles;  that  both  optical  situations  share  the  same  kind  of  relation¬ 
ship  insofar  as  the  directions  of  the  slip  and  head  movement  are  concerned, 
while  differing  in  regard  to  the  directions  of  the  slip  and  eye  movement,  indicates 
that  eye  movements  per  se  are  irrelevant.  The  computation  of  VOR  gain  errors  in 
the  monkey,  therefore,  appears  to  utilize  some  direct,  internal  measure  of  head 
velocity,  with  the  vestibular  signal  itself,  of  course,  presumably  a  prime  candi¬ 
date. 

In  view  of  the  above  findings,  it  was  expected  that  prolonged  sinusoidal 
optokinetic  stimulation  would  have  no  significant  effect  on  VOR  gain  in  the 
monkey,  and  this  is  borne  out  by  experiment.  However,  such  stimulation  does 
result  in  gradual  changes  in  the  monkey's  saccadic  control  signals,  and  in  some 
test  situations  these  might  be  mistaken  for  VOR  gain  changes.  Prolonged  sinusoi¬ 
dal  optokinetic  stimulation  of  the  monkey  induces  postsaccadic  ocular  drift, 
which  takes  the  form  of  an  exponential  backward  movement  of  the  eyes  after 
each  saccade,  with  a  time  constant  of  a  few  hundred  milliseconds  (Figure  2D). 
During  the  sinusoidal  oscillations  used  to  determine  the  gain  of  the  VOR,  the 
postsaccadic  ocular  drifts  associated  with  the  resetting  saccades  have  the  effect  of 
boosting  the  peak  eye  velocity  (see  arrows  in  Figure  2C),  hence  increasing  the 
magnitude  of  the  compensatory  eye  movements  and  the  apparent  gain  of  the 
VOR.  However,  if  suitable  allowance  is  made  for  these  postsaccadic  ocular  drifts, 
then  no  significant  change  in  VOR  gain  is  evident,  fri  our  view,  these  changes  are 
not  due  to  adaptation  in  the  vestibular  system  and  show’ a  strong  resemblance  to 
recently  reported  adaptive  changes  in  the  saccadic  system.1® 

The  neural  commands  underlying  saccadic  eye  movements  each  consist  of  a 
dynamic  component,  or  pulse,  which  quickly  moves  the  eyes  to  a  new  position, 
and  a  static  component,  or  step,  which  then  holds  the  eyes  there.  If  these  two 
components  are  not  matched  appropriately,  the  eyes  drift  away  from  the  new 
fixation  point.  Optican  and  Miles  recently  demonstrated  that  the  step  compo¬ 
nents  are  matched  to  the  pulse  components  by  an  adaptive  mechanism  that,  at 
least  in  part,  senses  postsaccadic  retinal  image  slip.18  Using  a  special  optical 
arrangement  to  drift  the  visual  scene  after  each  saccadic  eye  movement,  these 
workers  showed  that  monkeys  exposed  to  postsaccadic  retinal  slip  for  a 
prolonged  period  exhibit  exponential  postsaccadic  ocular  drifts,  which  operate  to 
minimize  the  artificially  imposed  image  slip.  It  seems  likely  that  the  postsaccadic 
ocular  drifts  following  prolonged  sinusoidal  optokinetic  stimulation  have  a 
similar  etiology.  Optokinetic  nystagmus  consists  of  smooth  tracking  eye  move¬ 
ments  in  the  direction  of  the  stimulus  movement,  interrupted  at  intervals  by 
resetting  saccades  in  the  contrary  direction.  Since  the  velocity  of  the  eyes 
consistently  falls  short  of  the  velocity  of  the  optokinetic  stimulus,  the  animal 
experiences  considerable  retinal  slip  and,  more  particularly,  postsaccadic  retinal 
slip.  Further,  there  is  a  consistent  relationship  between  the  direction  of  the 
saccadic  eye  movements  and  the  direction  of  the  retinal  slip— exactly  the  same 
stimulus  configuration  as  the  one  that  was  used  to  induce  adaptation  in  the 
pulse-step  innervation  ratio  for  saccadic  eye  movements.19 


Substitutes  for  Retinal  Slip  Signals? 

When  suddenly  confronted  with,  say,  magnifying  telescopic  spectacles,  the 
normal  monkey  at  first  must  endure  some  retinal  slip  during  head  turns,  and  the 
resulting  visual  signals  could  be  used  as  an  index  of  errors  in  the  VOR.  In 
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addition,  these  visual  signals  will  activate  the  pursuit  system,  which  will  operate 
to  supplement  the  now  inadequate  VOR  in  an  attempt  to  stabilize  the  shifting 
images  seen  through  the  spectacles.  So  long  as  VOR  gain  is  inadequate,  pursuit 
will  be  invoked  to  improve  retinal  image  stability.  As  the  VOR  gain  adapts  to  the 
new  conditions,  the  dependence  on  pursuit  decreases.  Clearly,  the  extent  to 
which  pursuit  is  consistently  deployed  during  head  turns  is  itself  an  index  of  the 
“error"  in  the  VOR,  and  some  central  correlate  of  this  pursuit  involvement 
conceivably  might  substitute  for  frank  visual  signals  in  the  adaptive  process.  This 
idea  first  occurred  to  us  as  a  result  of  recent  work  on  the  flocculus,  a  structure 
known  to  be  very  important  in  the  regulation  of  VOR  gain. 

In  all  of  the  species  so  far  studied  (cat,  rabbit,  fish,  and  monkey),  lesions  of  the 
flocculus  have  resulted  in  severe  deficits  in  adaptive  control  of  VOR  gain.7121920 
It  has  been  usual  to  regard  the  flocculus  as  a  side  loop  of  the  VOR  pathway  that 
contains  the  modifiable  synapses  presumed  to  subserve  adaptive  gain  control,712 
and  to  attribute  these  lesion  deficits  directly  to  loss  of  the  variable  gain  element. 
However,  the  primate  flocculus  has  been  shown  to  have  an  important  role  in 
pursuit  tracking.  Thus,  floccular  lesions  also  result  in  major  deficits  in  the 
monkey's  performance  on  various  ocular  pursuit  tasks,  and  single-unit  recordings 
in  the  primate  flocculus  have  shown  that  the  activity  of  the  most  common  type  of 
output  Purkinje  cell  (P-cell)  modulates  during  pursuit  tracking  and  effectively 
encodes  gaze  velocity  (eye  velocity  relative  to  the  stationary  surroundings.)2123 
These  data  raise  two  further  possible  explanations  for  the  deficits  in  VOR 
adaptation  following  floccular  lesions  in  the  monkey.  One  is  that  the  adaptation 
deficits  are  secondary  to  an  oculomotor  insufficiency:  the  pursuit  deficits  (pre¬ 
sumably  due  to  loss  of  the  gaze-velocity-signal  support)  effectively  disrupt  the 
adaptive  mechanism  as  a  side  effect  of  seriously  undermining  the  animal’s  ability 
to  stabilize  the  retinal  images  seen  through  the  telescopic  spectacles.  Another— 
and  in  our  view,  more  likely— explanation  is  that  the  gaze-velocity  output  signals 
from  the  flocculus  that  are  so  important  for  pursuit  also  are  directly  involved  in 
the  induction  of  the  modifications  underlying  adaptive  gain  control  in  the  VOR 
pathways:  as  a  “central  correlate  of  pursuit,"  the  discharge  modulation  of 
gaze-velocity  P-cells  could  provide  all  or  part  of  the  error  signal  guiding 
recalibration  of  the  reflex.  In  the  remainder  of  this  paper  we  examine  the 
evidence  that  leads  us  to  propose  this  new  role  for  the  flocculus  in  the  adaptive 
regulation  of  VOR  gain. 


The  Primate  Flocculus:  An  Important  Part  of  the  Pursuit  System 

Our  current  view  of  the  functional  role  of  the  flocculus  in  the  generation  of 
pursuit  eye  movements — based  upon  unit  recordings,  ablation,  and  electrical 
stimulation  data21"24— is  most  easily  appreciated  with  the  aid  of  a  block  diagram. 
In  Figure  5,  we  have  incorporated  the  gaze  velocity  P-cells  in  the  flocculus  into  a 
simple  model  of  the  open-loop  VOR  and  the  negative-feedback  pursuit  system. 
The  gaze-velocity-signal  configuration  (ew')  is  achieved  by  summing  together  two 
independent  signals  separately  encoding  the  velocity  of  the  eyes  with  respect  to 
the  head  (eh’)  and  the  velocity  of  the  head  with  respect  to  the  surroundings  (fiK'). 
The  head-velocity  component  is  assumed  to  be  vestibular  in  origin  and  is 
configured  in  the  model  as  part  of  an  inhibitory  side  loop  of  the  vestibulo-ocular 
pathway.  The  eye-velocity  component  is  assumed  to  be  derived  from  the  motor 
command  to  move  the  eyes  (though  it  might  equally  well  originate  from  proprio¬ 
ceptive  input)  and  is  configured  in  the  model  as  part  of  a  positive-feedback  loop. 
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The  existence  of  the  latter  has  long  been  predicted  by  theoreticians  modeling 
ocular  pursuit, 2S~2*  and  is  assumed  to  boost  the  gain  of  the  negative-feedback 
pursuit  system.  Lesion  studies21  suggest  that  the  flocculus  may  boost  the  closed- 
loop  gain  of  the  pursuit  system  by  as  much  as  40%,  a  very  considerable 
improvement.  However,  monkeys  often  accomplish  pursuit  tasks  with  combined 
eye-head  movements,  substituting  part  of  the  eye  movement  with  a  head 
movement.  It  is  in  this  situation— where  the  ocular  component  of  pursuit  is 
diminished  (and  hence  the  eye-velocity,  positive-feedback  boost  through  the 
flocculus  also  is  diminished)— that  the  vestibular  (head-velocity)  component  of 
P-cell  discharge  plays  a  crucial  role  in  the  process:  it  exactly  compensates  for  the 
drop  in  the  eye-velocity  component.  This  ensures  that  the  output  from  the 
flocculus  provides  the  same  (gaze-velocity)  signal  in  support  of  tracking  whatever 
combination  of  eye  and  head  movements  the  animal  chooses  to  employ. 


The  Primate  Flocculus:  A  Source  of  “Error”  Information 
for  Adaptive  Gain  Control? 

Since  the  monkey’s  VOR  gain  normally  is  close  to  unity,  its  gaze  velocity 
during  head  turns  (when  not  tracking)  is  close  to  zero  and  the  gaze  velocity 
P-cells  in  the  flocculus  show  little  or  no  modulation  of  their  activity.2223  Thus, 
these  P-cells  normally  make  little  or  no  contribution  to  the  VOR.  However,  when 
the  normal  monkey  first  wears  the  magnifying  telescopic  spectacles  used  to  elicit 
VOR  adaptation,  he  is  confronted  with  a  tracking  task  every  time  he  turns  his 
head,  and  uses  his  pursuit  system  to  supplement  the  compensatory  eye  move¬ 
ments  generated  by  the  VOR.  These  tracking  efforts  will  mean  that  gaze 
velocities  no  longer  will  be  zero  during  head  turns  and  the  activity  of  the 
floccular  P-cells  will  modulate  accordingly  in  support  of  the  pursuit.  In  fact,  the 
discharges  of  the  gaze-velocity  P-cells  will  modulate  during  head  turns  when¬ 
ever  the  monkey  uses  pursuit  to  supplement  a  VOR  whose  gain  is  inappropriate 
for  the  visual  conditions.  Such  discharge  behavior  is  exactly  that  expected  of 
neurons  supposedly  signaling  VOR  gain  errors. 

When  the  animal  has  adapted  to  the  magnifying  spectacles,  the  increased 
magnitude  of  the  compensatory  eye  movements  coupled  to  head  turns  (now 
generated  by  the  VOR  and  not  pursuit)  means  that  the  eye-velocity  input  to  the 
P-cell  associated  with  a  given  head  turn  will  be  proportionately  higher  than 
normal;  however,  unit  recordings  in  the  adapted  animal29  reveal  that  this 
increased  eye-velocity  input  is  counterbalanced  almost  exactly  by  a  proportional 
change  (increase)  in  the  strength  of  the  head-velocity  input  signal— presumably 
reflecting  a  change  in  synaptic  efficacy  in  the  vestibular  pathway  at  gain 
elements  A  and/or  C  in  Figure  5.  The  net  result  of  this  is  that  P-cell  discharges 
cease  modulation  during  head  turns  when  adaptation  is  complete  (and  depen¬ 
dence  on  pursuit  again  is  minimal).  Once  more,  this  is  exactly  the  behavior 
expected  of  neurons  signaling  VOR  gain  error.  Significantly,  it  is  not  the  behavior 
expected  of  neurons  operating  as  the  modifiable  gain  element,  a  point  that  has 
been  argued  more  completely  elsewhere.29 


VOR  Gain  Changes  Resulting  from  Foveal  Pursuit  Tracking 

If  the  adaptive  mechanism  deciphers  VOR  gain  errors  from  the  modulation  of 
gaze-velocity  P-cell  discharge  during  head  movements,  it  should  be  possible  to 
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Figure  3.  Effect  on  the  monkey’s  horizontal  VOR  gain  of  prolonged  horizontal  oscilla¬ 
tion  during  fixation  of  a  small  target  that  moves  with  the  head  (dark  background).  A: 
Sample  records  of  a  monkey’s  eye  and  head  movements  while  performing  the  tracking  task. 
So  long  as  the  monkey  kept  its  eyes  continuously  positioned  within  ±3°  of  the  target,  it 
received  a  water  reinforcement  every  2  seconds.  During  these  fixation  periods,  both  the 
monkey  and  the  target  were  oscillated  together  so  as  to  induce  gaze-velocity  events  similar 
to  those  that  would  be  associated  with  xO  telescopic  spectacles  (achieved  with  fixed-field 
goggles).  If  the  animal's  eyes  moved  out  of  the  ±3°  window  (e.g.,  downward  arrow),  the 
target  spot  was  extinguished  for  100  mseconds  while  the  chair/head  and  the  target  were 
brought  to  a  halt.  When  the  animal  reacquired  the  target  (e.g.,  upward  arrow),  movement  of 
the  chair/head/target  was  resumed,  but  accelerations  were  very  gradual  so  that  the 
monkey  was  able  to  keep  on  target  throughout.  Note  that  gaze  represents  eye  position  with 
respect  to  the  surroundings  and  is  the  sum  of  eye  position  and  head  position.  B:  Time  course 
of  the  changes  in  a  monkey's  VOR  gain  when  passively  oscillated  while  wearing  fixed-field 
goggles  (equivalent  to  xO  telescopic  spectacles)  or  while  tracking  a  small  target  spot  moving 
with  the  head/chair  (as  in  A).  Time  refers  to  time  actually  spent  looking  through  the 
spectacles  or  tracking  and  was  estimated  from  continuous  polygraph  records  of  the  animal's 
movements.  Error  bars  indicate  standard  deviations. 
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design  an  experimental  situation  that  elicits  VOR  gain  changes  when  the  only 
available  visual  inputs  are  foveal  pursuit  targets.  We  now  report  experimental 
evidence  that  demonstrates  that  this  is  indeed  the  case.  Monkeys  were  seated  in  a 
special  chair  that  could  be  oscillated  about  the  vertical  by  a  torque  motor  under 
computer  control.  The  animals'  eye  movements  were  monitored  by  the  electro¬ 
magnetic  search-coil  technique,  and  their  heads  secured  to  the  chair  in  the 
stereotaxic  plane  so  that  the  axis  of  rotation  passed  through  the  interaural  line. 
Fluid-deprived  animals  were  reinforced  with  water  for  continuously  fixating  a 
small,  dim  target  spot  back-projected  on  to  a  white  screen  (via  a  servo-controlled 
mirror  galvanometer)  in  otherwise  totally  dark  surroundings.  Matters  were 
arranged  so  that  during  the  periods  of  fixation,  the  monkey  and  the  target  were 
moved  either  in  phase  (Figure  3A)  or  180°  out  of  phase  (Figure  4A)  to  mimic  the 
gaze-velocity  events— and  presumably  also  the  P-cell  discharge  modulation — 
normally  associated  with  wearing  reducing  or  magnifying  telescopic  spectacles, 
respectively.  This  resulted  in  "adaptive”  changes  in  the  gain  of  the  VOR  equal  to 
as  much  as  50%  of  the  changes  produced  by  an  equivalent  amount  of  experience 
with  telescopic  spectacles  (see  Figures  3B  and  4B).  These  findings  are  consistent 
with  the  hypothesis  that  the  error  signal  guiding  recalibration  of  the  VOR  is  in 
part  the  modulation  of  gaze-velocity  P-cell  discharge.  Of  course,  it  is  possible  that 
the  crucial  ingredient  in  these  pursuit  experiments  is  foveal  retinal  slip  rather 
than  gaze  velocity. 

While  it  certainly  is  clear  from  these  experiments  that  appreciable  gain 
changes  can  be  observed  in  the  absence  of  peripheral  retinal  slip,  some  influence 
of  peripheral  visual  inputs  seems  to  be  indicated  since  VOR  adaptation  with  the 
foveal  pursuit  targets  alone  was  much  less  than  with  the  equivalent  spectacles.  In 
fact,  it  is  possible  that  the  flocculus  P-cells  provide  both  gaze-velocity  and 
peripheral  retinal-slip  signals,  especially  since  there  is  evidence  that  some  of 
these  cells  discharge  in  relation  to  motion  of  the  visual  surround.3031 


Adaptive  Gain  Control  in  the  Primate  VOR:  A  New  Hypothesis 

As  a  result  of  the  evidence  outlined  above,  we  suggest  that  the  modifiable 
elements  mediating  adaptive  gain  control  in  the  primate  VOR  are  located  in  the 
brain-stem  pathway  and  are  regulated  by  error  signals  generated  at  least  in  part 
by  the  flocculus  P-cells.  We  now  shall  attempt  to  link  these  two  ideas  into  a  single 
hypothesis. 

In  our  scheme  (Figure  5),  the  gaze-velocity  P-cells  have  been  assigned  two 
quite  separate  functions  with  but  one  purpose— to  improve  the  stability  of  the 
retinal  image.  As  a  part  of  the  pursuit  system,  their  discharge  modulation  has  an 
immediate  influence  upon  their  target  neurons  through  conventional  (inhibitory) 
synaptic  mechanisms.  As  a  part  of  the  system  regulating  VOR  gain,  their 
persistent  discharge  modulation  during  head  turns  indicates  errors  in  the  VOR 
and  has  a  long-term  influence  on  the  efficacy  of  synaptic  transmission  in  the 
vestibulo-ocular  pathway. 

An  important  feature  of  our  hypothesis  is  that  the  P-cells  exert  their  two 
different  influences  at  two  different  points  in  the  vestibular  pathway.  Recent 
evidence  (not  reviewed  here)  strongly  suggests  that  the  gain  of  the  pursuit  system 
is  insensitive  to  VOR  gain  changes.  By  contrast,  the  gain  of  the  pursuit  system  is 
very  sensitive  to  lesions  of  the  flocculus,21  suggesting  that  the  P-cells’  short-term 
synaptic  action  in  support  of  pursuit  is  exerted  downstream  of  their  long-term 
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Figure  4.  Effect  on  the  monkey’s  horizontal  VOR  gain  of  prolonged  horizontal  oscilla¬ 
tion  during  fixation  of  a  small  target  that  moves  180°  out  of  phase  with  the  head  (dark 
background).  A:  Sample  records  of  a  monkey’s  eye  and  head  movements  while  performing 
the  tracking  task.  So  long  as  the  monkey  kept  its  gaze  (eye  position  with  respect  to  the 
surroundings,  i.e.,  the  sum  of  eye  position  and  head  position)  continuously  positioned 
within  ±3°  of  the  target,  it  received  a  water  reinforcement  every  2  seconds.  During  these 
fixation  periods,  both  the  monkey  and  the  target  were  oscillated  180°  out  of  phase  so  as  to 
induce  gaze-velocity  events  similar  to  those  that  would  be  associated  with  x2  telescopic 
spectacles.  If  the  animal’s  gaze  moved  out  of  the  ±3°  window  (downward  arrows),  the 
target  spot  was  extinguished  for  100  mseconds  while  the  chair/head  and  the  target  were 
brought  to  a  halt.  When  the  animal  reacquired  the  target  (upward  arrows),  movement  of  the 
chair/head/target  was  resumed,  but  accelerations  were  very  gradual  so  that  the  monkey 
was  able  to  keep  on  target  throughout.  B:  Time  course  of  the  changes  in  a  monkey’s  VOR 
gain  when  passively  oscillated  while  wearing  x  2  telescopic  spectacles  or  while  tracking  a 
small  target  spot  moving  180°  out  of  phase  with  the  head/chair  (as  in  A).  Time  refers  to  time 
actually  spent  looking  through  the  spectacles  or  tracking  and  was  estimated  from  continu¬ 
ous  polygraph  records  of  the  animal’s  eye  movements.  Error  bars  indicate  standard 
deviations. 
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Figure  5.  Block  diagram  of  the  VOR  and  pursuit  system,  incorporating  the  gaze-velocity 
P-cells  in  the  flocculus.  Continuous  lines  denote  signal  flow  channels  within  the  nervous 
system;  discontinuous  lines  represent  external,  physical  links  denoting  head  velocity  with 
respect  to  the  world  (hw ),  eye  velocity  with  respect  to  the  head  (eh),  eye  velocity  with  respect 
to  the  world  (ew,  gaze  velocity},  and  target  velocity  with  respect  to  the  world  |tw).  A,  B,  C, 
and  D  represent  gain  elements;  hj  and  eh'  denote  the  head-velocity  and  eye-velocity 
inputs,  respectively,  to  the  P-cells  in  the  flocculus  whose  discharge  modulations  effectively 
encode  gaze  velocity  (ew').  Broad  arrow  indicates  the  hypothesized  long-term  regulatory 
influence  of  the  P-cells  on  the  postulated  modifiable  gain  element  in  the  vestibular 
pathway  (element  C). 


modulatory  action.  Another  feature  of  our  scheme  is  that  the  P-cells’  long-term 
influence  must  be  exerted  above  the  point  from  which  the  P-cells  derive  their 
own  vestibular  input.  This  is  assumed  to  be  at  gain  element  C  in  Figure  5  (though 
parallel  changes  at  gain  elements  A  and  D— which  would  be  operationally 
equivalent,  albeit  more  complex— cannot  be  ruled  out).  It  is  vital  for  the 
functioning  of  our  model  that  there  be  reciprocal  connections  between  the 
P-cells  and  the  vestibular  relay  cells  in  the  brain  stem,  organized  in  essence  as  an 
internal  negative-feedback  loop  that  is  concerned  with  long-term  regulation 
rather  than  short-term  compensation.  Thus,  we  envisage  a  local  feedback  loop 
operating  (very  slowly)  to  achieve  zero  modulation  of  P-cell  discharge  during 
head  turns;  persistent  modulations  of  P-cell  discharge  (“errors”)  induce  changes 
in  the  gain  of  the  vestibular  input  that  in  turn  operate  to  reduce  those  modula¬ 
tions.  Single-unit  data2®  indicate  that  the  P-cell  output  is  indeed  regulated  in  this 
manner,  producing  minimal  discharge  modulation  during  head  turns  in  the  fully 
adapted  state. 

The  problem  now  is  to  explain  how  a  control  loop  that  is  entirely  internal  and 
functions  to  minimize  P-cell  discharge  modulation  can  at  the  same  time  achieve 
an  appropriate  VOR  gain  calibration.  The  crucial  factor  is  the  eye-velocity  input 
to  the  P-cell;  this  signal  is  assumed  to  retain  a  reliable,  constant  relationship  to 
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eye  velocity  (something  that  could  be  achieved  by  an  internal  negative-feedback 
network  within  the  cerebellar  cortex)  and  to  provide  the  internal  standard 
against  which  everything  else  must  be  calibrated. 

In  order  to  appreciate  how  this  scheme  would  work,  consider  the  chain  of 
events  set  in  motion  when  the  normal  monkey  first  wears  magnifying  telescopic 
spectacles.  Initially,  there  is  considerable  retinal  slip  during  head  turns  and  the 
pursuit  system  takes  on  the  immediate  responsibility  of  augmenting  the  compen¬ 
satory  eye  movements  generated  by  the  now  inadequate  VOR.  In  the  flocculus, 
this  results  in  an  elevated  eye-velocity-signal  input  to  the  P-cell,  whose  discharge 
as  a  consequence  now  modulates  during  head  turns.  In  effect  this  eye-velocity 
signal  is  the  P-cells'  external  reference  and,  together  with  any  visual  inputs  that 
they  may  also  receive  (not  indicated  in  Figure  5),  provides  the  P-cells’  only 
link— albeit  indirect  via  the  pursuit  system— with  the  external  visual  world.  If 
the  monkey  continues  to  wear  the  spectacles,  the  persistent  modulation  of  P-cell 
discharge  due  to  the  elevated  eye-velocity-signal  input  is  assumed  to  induce  a 
gradual  increase  in  the  gain  of  element  C.  This  would  result  in  (1)  an  increase  in 
the  gain  of  the  VOR,  which  would  gradually  transfer  the  burden  of  generating 
larger  compensatory  eye  movements  from  the  pursuit  system  to  the  VOR,  and  (2) 
an  increase  in  the  head-velocity-signal  input  to  the  flocculus  P-cells,  which 
would  operate  to  offset  the  augmented  eye-velocity  signal  and,  hence,  gradually 
reduce  the  P-cells’  discharge  modulation  during  head  turns.  We  assume  that  this 
process  would  continue  until  eventually  the  P-cells  are  receiving  head-velocity 
inputs  that  once  more  balance  their  eye-velocity  inputs  during  head  turns  in  the 
light.  (Note  that  at  all  times  during  the  adaptation,  P-cell  discharge  modulation 
will  be  minimal  during  head  turns  in  the  dark.)  When  VOR  gain  becomes 
appropriate  for  the  visual  conditions,  head  turns  in  the  light  will  be  associated 
with  the  same  compensatory  eye  velocities  as  head  turns  in  the  dark  and 
modulation  of  P-cell  discharge  will  be  minimal.  At  this  point,  we  have  come  full 
circle:  the  responsibility  for  generating  the  now  larger  compensatory  eye  move¬ 
ments  has  shifted  from  the  pursuit  system  back  to  the  vestibular,  and  the  error 
signal  (P-cell  discharge  modulation)  has  returned  to  zero. 
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The  vestibulo-ocular  reflex  (VOR)  helps  maintain  a  stable  retinal  image  by 
generating  compensatory  eye  movements  to  offset  the  effects  of  head  rotation. 
This  reflex  is  plastic  and  adaptable,  as  demonstrated  by  observations  of  human 
and  animal  subjects  wearing  vision-reversal  prisms.1'4  Recent  experiments 
demonstrated  that  the  visual  and  vestibular  inputs  for  the  VOR  are  integrated  in 
the  vestibulocerebellum;5'9  and  Robinson  has  demonstrated  in  the  cat  that  the 
plasticity  of  the  VOR  is  abolished  after  removal  of  the  vestibulocerebellum.10 

On  the  basis  of  these  studies,  it  can  be  expected  that  the  observation  of  the 
adaptation  of  the  VOR  to  reversing  prisms  may  lead  to  detection  of  cerebellar 
dysfunction.  The  present  study  was  undertaken  to  examine  clinical  applications 
of  the  response  of  the  VOR  to  right-left  image-reversing  prisms.  Both  normal 
subjects  and  patients  with  cerebellar  lesions  were  tested. 


Methods 

Twenty-six  adults  (12  males  and  14  females),  ranging  in  age  from  19  to  34 
years,  who  were  free  from  vestibular  and  oculomotor  disorders  were  employed. 
Subjects  sat  on  a  chair  that  was  rotated  sinusoidally  in  a  horizontal  plane  at 
0.25  Hz  and  30°  angular  amplitude.  Eye  movement  (E),  eye  velocity  (E),  and  head 
movement  (H)  were  recorded,  using  electronystagmography. 

Figure  1  shows  the  test  sequence  of  this  experiment.  First,  the  subjects  were 
asked  to  watch  a  small,  dim  light  fixed  approximately  two  meters  in  front  of  the 
chair  in  the  darkened  room  (baseline).  Next,  the  subjects’  eyes  were  covered  by 
blackout  goggles  (initial  level).  After  that,  the  subjects  wore  right-left  image- 
reversal  prisms.  During  the  image-reversal  condition,  the  subjects  were  asked  to 
watch  the  dim  light.  Every  15  minutes,  the  subjects  wore  the  blackout  goggles 
over  the  reversing  prisms  and  E,  E,  and  H  were  recorded  in  addition  to  the 
baseline  and  initial-level  recordings.  Each  recording  consisted  of  10  to  20 
sinusoidal  rotations.  Subjects  did  mental  arithmetic  to  maintain  arousal  during 
recordings.  The  experiment  was  carried  out  in  darkness,  except  for  the  small, 
dim  target  light  used  during  forced  adaptation. 

Gain  and  phase  of  the  VOR  were  calculated  for  each  subject  as  follows.  The 
relative  VOR  gain  (G)  was  estimated  as  the  ratio  of  eye  velocity  in  the  baseline 
condition  (Ew)  to  the  eye  velocity  in  the  eyes-covered  condition  (E„);  G  -  E/Ew.  In 
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Figure  1.  Schematic  diagram  of  experimental  sequence.  VOR  measurements  were 
made  in  the  blackout  conditions  (shaded  areas)  and  expressed  as  gain  relative  to  measure¬ 
ments  in  the  baseline  condition.  BL  and  IL  indicate  baseline  and  initial  level,  respectively. 


order  to  observe  net  adaptation,  the  adaptation  index  also  was  calculated.  The 
adaptation  index  can  be  expressed  as  the  ratio  of  initial  level  to  gain  after  15,  30, 
45,  and  60  minutes  of  wearing  prisms.  Phase  was  determined  at  the  zero  crossing. 
Phase  was  calculated  as  the  value  in  each  condition  (9X)  relative  to  the  phase  in 
the  baseline  condition  (©hi):  VOR  phase  =  0X  -  ©u.  Gain  and  phase  measure¬ 
ments  were  based  on  the  means  of  at  least  eight  cycles. 


Results 

Means  and  standard  deviations  of  VOR  gain  in  darkness  before  (initial  level) 
and  after  wearing  prisms  (15,  30, 45,  and  60  minutes)  were  0.65  ±  0.12,  0.45  ±  0.16, 
0.38  ±  0.14,  0.37  ±  0.11,  and  0.33  ±  0.10,  respectively.  After  forced  adaptation  by 
right-left  reversal,  VOR  gain  gradually  decreased  (filled  circles  in  Figure  2). 
VOR  gains  during  the  gaze  reversal  condition  in  the  intervals  between  the 


Figure  2.  Means  (filled  and  open  circles)  and  standard  deviations  (vertical  bars)  of  the 
sequential  VOR  gain  changes  during  60  minutes  of  forced  vision  reversal.  Filled  circles  and 
open  circles  indicate  mean  VOR  gains  from  26  normal  subjects  and  26  patients  with 
cerebellar  lesions,  respectively.  IL  indicates  the  initial  level  (VOR  in  darkness  befor  aze 
reversal). 
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blackout  test  period  were  the  same  as  in  the  normal  gaze  condition,  but  180°  out 
of  phase.  The  adaptation  indexes  (VOR  gain  after  gaze  reversal/initial  level)  of 
each  subject  also  were  calculated.  Means  and  standard  deviations  of  adaptation 
indexes  after  15, 30, 45,  and  60  minutes  were  0.69  ±  0.18, 0.58  ±  0.17, 0.58  ±  0.12, 
and  0.52  ±  0.12,  respectively. 

Means  and  standard  deviations  of  the  VOR  phase  in  darkness  before  and 
after  wearing  prisms  (15,  30,  45,  and  60  minutes)  were  9.1  +  19.9,  5.9  ±  14.1, 
7.4  ±  20.7,  9.4  ±  13.4,  and  10.5  ±  16.4,  respectively.  Statistically,  no  significant 
difference  was  found  between  any  two  pairs  (t-test). 


Clinical  Application 

Twenty-six  subjects  with  cerebellar  lesions,  which  had  been  confirmed  by 
neurotological  examinations  and  x-ray  studies,  mainly  CT-scan,  were  tested.  The 
test  method  was  the  same  as  for  normal  subjects.  The  diagnoses  of  these  cases 
were  cerebellar  atrophy  (11),  epidermoid  tumor  (4),  acoustic  tumor  (2),  vascular 
origin  [bleeding,  2;  arterio-venous  (AV)  malformation,  2;  thrombosis,  1],  astrocy¬ 
toma  (1),  glomus  jugulare  tumor  (1),  and  metastatic  tumor  (1). 

The  VOR  gains  from  the  26  cases  are  illustrated  in  Figure  2  (open  circles). 
The  mean  initial  level  of  gain  was  0.83.  This  value  was  higher  than  that  of  normal 
subjects  (0.65).  However,  11  cases  among  the  26  showed  normal  values  in  this 
situation.  Means  and  standard  deviations  of  VOR  gains  from  these  cases  15,  30, 
45,  and  60  minutes  after  wearing  prisms  were  0.64  ±  0.14,  0.66  ±  0.15,  0.65  ±  0.16, 
and  0.64  ±  0.17,  respectively.  These  values  were  clearly  higher  than  those  of 
normal  subjects.  Also,  except  for  1  case,  no  abnormal  subject  had  a  normal-range 
value  after  1  hour  of  vision  reversal.  As  this  may  be  due  to  the  higher  initial  level, 
an  adaptation  index  was  calculated,  as  described  in  the  methods  section.  Means 
and  standard  deviations  of  the  adaptation  index  after  wearing  prisms  for  15,  30, 
45.  and  60  minutes  were  0.79  ±  0.16,  0.81  ±  0.16,  0.79  ±  0.16,  and  0.77  ±  0.16, 
respectively.  This  indicates  that  the  net  adaptation  was  reduced  in  the  cases  with 
cerebellar  lesions.  However,  5  cases  among  the  26  showed  normal  values  after  60 
minutes  of  forced  adaptation. 

Figure  3  shows  the  relationship  between  the  initial  level  and  the  adaptation 
index  after  one  hour.  From  this  figure,  three  different  pathological  conditions  can 
be  noted. 

Fifteen  cases  among  the  26  showed  abnormally  high  gain  in  the  initial  level. 
Five  of  the  15  exhibited  normal  adaptation  after  the  one-hour  forced  adaptation 
task.  The  other  11  cases  out  of  the  26  showed  normal  values  of  VOR  gain  in  the 
initial  level,  but  abnormal  reductions  of  adaptation  were  observed.  These 
different  conditions  are  summarized  as  type  A,  higher  initial  level  and  abnormal 
adaptation  (10  cases);  type  B,  higher  initial  level  and  normal  adaptation  (5  cases); 
and  type  C,  normal  initial  level  and  abnormal  adaptation  (11  cases). 

Among  the  10  patients  who  had  type-A  responses,  there  were  6  cases  that  had 
initial  levels  above  0.85  and  one-hour  adaptation  indexes  above  0.80.  The 
diagnoses  of  these  cases  were  atrophy  (2),  metastatic  tumor  in  the  vermis  (1), 
cerebellar  bleeding  (1),  astrocytoma  (1),  and  AV  malformation  (1).  According  to 
the  results  of  neurotological  tests  and  CT-scan,  these  cases  had  severe  wide¬ 
spread  or  midline  lesions  of  the  cerebellum,  and  most  of  the  cases  showed 
brain-stem  lesions  as  well. 

Two  cases  among  the  five  patients  who  showed  type-B  responses  exhibited 
scores  above  0.85  in  the  initial  level  and  less  than  0.60  on  the  adaptation  index. 
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Figure  3.  Relationship  between  the  initial  level  of  the  VOR  gain  and  the  adaptation 
index  after  the  one-hour  forced-adaptation  task  for  26  patients  with  cerebellar  lesions. 
Normal  ranges  (two  standard  deviations)  of  both  initial  level  and  adaptation  index  are 
indicated  by  arrows. 


The  diagnoses  of  these  two  cases  were  cerebellar  atrophy.  The  results  of 
neurotological  examinations  and  CT-scan  revealed  that  the  cerebellar  lesions 
were  much  milder  than  those  of  type-A  cases,  and  there  were  no  findings  that 
indicated  brain-stem  lesions. 

Three  cases  among  the  11  patients  who  showed  type-C  responses  had  scores 
less  than  0.65  in  the  initial  level  and  above  0.80  on  the  adaptation  index.  The 
diagnoses  of  these  cases  were  cerebellar  tumors.  Neurotological  examinations 
and  CT-scan  revealed  that  the  lesions  were  located  in  one  side  of  the  cerebellum 
and  that  there  was  little  or  no  brain-stem  dysfunction. 

Phase  changes  of  the  VOR  were  calculated  from  26  patients,  but  no  statistical 
difference  was  found  between  values  from  abnormal  subjects  and  values  from 
normal  subjects. 


Discussion 

The  veatibulo-ocular  reflex  helps  maintain  a  stable  retinal  image  during  head 
movements.  When  subjects  wearing  horizontal  reversing  prisms  are  asked  to 
watch  a  stationary  target  during  sinusoidal  rotation,  the  visual  and  vestibular 
inputs  will  be  opposite  in  direction  and  there  should  be  slippage  of  the  retinal 
image.  However,  the  subjects  can  see  the  image  without  blurring  because  of  the 
adaptive  function  of  the  vestibulocerebellum. 
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Plastic  changes  of  cerebellar  function  in  the  VOR,  induced  by  vision-reversal 
prisms,  recently  have  been  studied  extensively  in  human  subjects  and  in 
animals.1'410  Gonshor  and  Melvill  Jones  reported  that  in  human  subjects,  the 
VOR  gain  was  reduced  substantially  during  the  first  2  days  of  vision  reversal; 
reduction  of  gain  continued,  reaching  a  minimum  by  the  end  of  1  week  at  about 
25%  of  normal  value.2  Melvill  Jones  and  Davies  studied  VOR  adaptation  in  cats 
that  were  exposed  to  long-term  (200  days)  horizontal  reversal  of  vision.3  They 
found  rapid  attenuation  of  VOR  gain  after  the  initiation  of  vision  reversal.  After 
about  2  weeks,  the  phase  changed  sharply  in  the  lagging  direction. 

Robinson  reported  the  mechanisms  of  the  adaptive  control  of  VOR  gain  from 
lesion-making  experiments  in  cats  that  chronically  wore  right-left  vision-reversal 
prisms.10  He  observed  gain  increase  and  abolition  of  the  plastic  changes  after 
removal  of  the  vestibulocerebellum,  From  these  results,  he  concluded  that  the 
adaptation  process  is  distributed  widely  in  the  vestibulocerebellum. 

In  the  present  study,  normal  subjects  showed  rapid  adaptation  of  gain  while 
wearing  reversing  prisms.  The  reduction  was  to  about  50%  the  normal  value  at 
the  end  of  one  hour  of  sinusoidal  stimulation.  This  is  more  rapid  than  the  values 
that  were  reported  by  Gonshor  and  Melvill  Jones,2  perhaps  because  in  our 
experiment  the  subjects  were  asked  to  watch  a  target  light  during  rotation,  while 
in  Gonshor  and  Melvill  Jones’  study,  the  subjects  did  not  receive  a  forced 
adaptation  task. 

Regarding  phase  changes,  the  present  study  showed  none  within  one  hour. 
Since  the  phase  changes  are  reported  by  Gonshor  and  Melvill  Jones  to  start 
slowly,2  this  finding  seems  reasonable. 

In  the  present  study,  15  cases  among  the  26  with  cerebellar  lesions  showed 
high  gain  in  the  eyes-covered  condition  in  the  dark  (initial  level).  This  abnor¬ 
mally  high  gain  already  has  been  observed  by  Zee  et  al.  and  Baloh  et  al.u  12  They 
speculated  that  the  cause  of  this  phenomenon  is  the  absence  or  reduction  of 
cerebellar  inhibition  of  the  VOR.  Five  cases  among  these  15  showed  normal 
adaptation  (type  B)  after  wearing  prisms.  This  fact  suggests  that  the  mechanisms 
of  VOR  gain  control  in  darkness  and  the  process  of  adaptation  to  vision  reversal 
have  different  anatomical  locations.  This  speculation  is  supported  further  by  the 
findings  of  the  present  study.  Ten  cases  exhibited  normal  reduction  of  adaptation 
(type  C).  Eleven  other  cases  showed  both  abnormalities:  high  gain  and  reduction 
of  adaptation  (type  A).  The  cases  that  showed  the  clearest  type-A  responses 
tended  to  have  severe  widespread  or  midline  lesions  of  the  cerebellum.  The 
cases  that  showed  characteristic  type-B  responses  had  mild  cerebellar  atrophy, 
and  the  cases  that  showed  typical,  clearly  defined  type-C  responses  tended  to 
have  lesions  limited  to  one  side  of  the  cerebellum.  From  these  results,  the 
following  speculations  can  be  stated.  In  order  to  evoke  adequate  VOR  gain  in 
darkness,  it  is  sufficient  to  have  half  of  the  cerebellum  intact.  However,  in  order 
to  produce  normal  VOR  adaptation  to  image  reversal,  it  is  necessary  to  have  the 
cerebellum  intact  or,  at  worst,  only  mild  lesions. 

There  are  several  useful  neurotological  test  methods — such  as  the  visual 
suppression  test  and  the  VOR  examination  test”"13— for  detecting  cerebellar 
dysfunctions.  However,  although  these  tests  are  able  to  detect  dysfunctions  of  the 
VOR  arc,  they  cannot  identify  more  precisely  the  anatomical  or  functional  site  of 
the  cerebellar  lesions.  On  the  basis  of  the  present  study,  it  may  be  possible,  by 
observation  of  the  adaptation  of  the  VOR  to  vision-reversal  prisms,  to  detect 
cerebellar  lesions  that  are,  by  their  nature  or  subtlety,  impossible  to  find  with 
established  tests. 
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Summary 

The  adaptation  of  the  vestibulo-ocular  reflex  (VOR)  was  studied  in  26  normal 
subjects  and  26  patients  with  cerebellar  lesions,  using  horizontal  vision-reversal 
prisms.  In  normal  subjects,  the  adaptation  of  gain  after  wearing  prisms  for  one 
hour  was  approximately  50%  of  the  VOR  value  in  the  dark.  In  contrast  to  this, 
patients  with  cerebellar  lesions  showed  less  adaptation— approximately  20% 
after  a  one-hour  forced  adaptation  task.  These  were  type  A,  higher  gain  in  the 
initial  level  and  abnormal  adaptation  (10  cases);  type  B,  higher  gain  in  the  initial 
level  and  normal  adaptation  (5  cases);  and  type  C,  normal  initial  level  and 
abnormal  adaptation  (11  cases).  The  cases  showing  the  typical  type-A  responses 
tended  to  have  severe  widespread  or  midline  lesions  of  the  cerebellum.  Typical 
type-B  cases  had  mild  cerebellar  lesions,  and  typical  type-C  cases  tended  to  have 
lesions  restricted  to  one  side  of  the  cerebellum.  From  these  results,  it  can  be 
speculated  that  reduction  of  VOR  adaptation  occurs  when  one  side  of  the 
cerebellum  has  severe  lesions,  but  it  is  sufficient  to  produce  a  normal  vestibulo- 
ocular  reflex  if  at  least  half  of  the  cerebellum  is  intact. 
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In  1973  Hood,  Kyan,  and  Leech  described  a  form  of  spontaneous  nystagmus 
termed  rebound,  which  had  certain  remarkable  distinguishing  characteristics.1  In 
general  the  nystagmus,  which  is  vestibular  in  character,  makes  its  appearance  as 
a  first-degree  nystagmus  on  gaze  deviation,  either  to  the  right  or  to  the  left.  If, 
however,  the  gaze  is  maintained  for  some  20  seconds  or  more,  the  nystagmus 
fatigues.  Thereafter  it  may  disappear  altogether  and  occasionally  may  even 
reverse  its  direction.  If  at  this  point  the  eyes  are  returned  briskly  to  the  primary 
position,  a  transient  second-degree  nystagmus  is  induced,  beating  in  the  opposite 
direction  to  that  of  the  preexisting  deviation.  In  this  way  a  second-degree 
nystagmus  to  left  or  to  right  which  is  not  normally  present  can  be  elicited 
repeatedly,  provided  only  that  the  initiating  gaze  deviation  is  maintained  for  a 
sufficiently  long  period  of  time.  A  typical  tracing  of  rebound  nystagmus  is  shown 
in  Figure  1. 

In  our  experience,  patients  presenting  with  rebound  nystagmus  consistently 
reveal  deranged  tracking  movements  and  optokinetic  nystagmus  together  with 
absent  or  reduced  vestibulo-ocular  reflex  (VOR)  suppression,  which  routinely 
manifests  itself  as  a  marked  enhancement  of  the  caloric  responses  when  the  tests 
are  carried  out  in  the  presence  of  optic  fixation.  In  addition,  there  is  now  a 
substantial  body  of  evidence  that  supports  our  view  that  this  form  of  nystagmus  is 
associated  uniquely  with  cerebellar  disease  and  in  consequence  is  a  diagnostic 
sign  of  some  significance.2'5 

Since  our  original  report,  we  have  had  the  opportunity  of  examining  a 
number  of  patients  with  rebound  nystagmus  who  have  in  addition  presented  with 
certain  interesting  features  that  seem  to  be  related  to  the  rebound  and  that  throw 
new  light  upon  its  underlying  nervous  mechanism. 

Consider  first  the  form  of  the  nystagmus  itself.  Originally  we  made  the 
assumption  that,  as  with  other  types  of  vestibular  nystagmus,  it  was  brought  about 
by  some  form  of  tonic  imbalance  that  provoked  the  slow  component  and  took  the 
eyes  away  from  the  target,  so  that  the  fast  component  could  be  considered  as  a 
corrective  movement  that  returned  the  eyes  thereto.  In  the  normal  course  of 
events,  electronystagmography  is  not  helpful  in  establishing  with  any  accuracy 
the  actual  position  of  the  eyes  relative  to  the  target.  However,  in  some,  admittedly 
rare  patients,  in  whom  the  nystagmus  on  sustained  gaze  deviation  actually 
undergoes  a  reversal  of  direction,  certain  important  inferences  would  seem  to  be 
justified. 

Consider  the  trace  shown  in  Figure  2.  With  attempted  gaze  fixation  upon  a 
target  deviated  30°  to  the  right,  a  nystagmus  to  the  right  is  initiated,  which  ceases 
after  15  seconds.  Following  a  short  period  of  steady  gaze,  it  then  reappears 
beating  in  the  opposite  direction.  It  follows  that  since  these  are  d.c.  recordings, 
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Figure  1.  Rebound  nystagmus.  The  tracing  is  continuous  throughout  and  begins  with  the 
eyes  deviated  30°  to  the  right  followed  by  straight-ahead  gaze,  deviation  30°  to  the  left,  and 
finally  a  return  to  straight-ahead  gaze.  Note  the  fatigability  of  the  nystagmus  in  all 
directions  of  gaze  and  the  reversal  of  the  direction  of  the  nystagmus  in  the  two  tracings  of 
straight-ahead  gaze. 


the  steady,  center  part  of  the  tracing  can  be  taken  to  indicate  the  patient’s  line  of 
sight  upon  the  target.  Projecting  this  line  to  right  and  to  left,  it  will  be  seen  that  it 
coincides  in  each  case  with  the  termination  of  the  slow  phases  of  the  nystagmus. 

In  other  words,  the  surprising  conclusion,  contrary  to  our  original  assumption,  is 
that  it  is  the  fast  phase  of  the  nystagmus  th-t  takes  the  eyes  away  from  the  target 
and  the  slow  phase  that  returns  it  thereto. 

These  same  events  now  have  been  observed  in  a  number  of  patients  and  • 
seem  to  mark  an  important  distinction  between  the  underlying  mechanism  of 
rebound  nystagmus  and  that  of  any  other  form  of  vestibular  nystagmus. 

More  recently,  additional  new  evidence  has  come  to  light  derived  from  six 
patients,  all  with  well  marked  rebound  nystagmus,  upon  whom  we  were  able  to 
carry  out  a  variety  of  other  test  procedures.  The  neurological  diagnosis  was 
cerebellar  atrophy  in  three  patients,  multiple  sclerosis  in  two,  and  cerebellar  cyst 
in  one.  Similar  results  were  obtained  from  all  of  them,  and  can  best  be 
exemplified  with  one  illustrative  case. 

Let  us  consider  first  the  spontaneous  nystagmus  itself.  In  order  to  establish  the 
effect  of  the  maintenance  of  gaze  deviation  upon  the  magnitude  of  the  rebound, 
patients  were  required  to  fix  their  gaze  on  targets  deviated  30°  to  left  or  right  for 
varying  periods  of  time  from  5  seconds  to  30  seconds. 
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Figure  3.  Slow-component  velocities  of  rebound  nystagmus  induced  by  sustained  gaze 
deviations  of  5  to  30  seconds. 


The  results,  expressed  for  convenience  in  terms  of  the  slow-component  velocity 
of  the  nystagmus,  are  shown  in  Figure  3. 

As  will  be  seen,  the  longer  the  deviation  is  sustained,  the  greater  is  the 
magnitude  of  the  rebound,  both  in  respect  to  its  slow-component  velocity  and  to 
Us  duration.  In  fact,  the  rebound  seems  to  be  a  reflection  of  the  initial  nystagmic 
response  in  respect  to  both  these  parameters. 

These  same  events  are  equally  apparent  in  the  responses  to  rotational  stimuli 
shown  in  Figure  4.  The  stimulus  was  an  impulsive  rotation  of  the  chair  to 
20°/second  or  40°/second.  Thereafter  a  constant  velocity  was  maintained  for  a 
prolonged  period  of  time  before  the  chair  was  abruptly  brought  to  rest. 

The  data  again  are  presented  in  terms  of  the  slow-component  velocities  of  the 
resultant  nystagmic  responses,  recorded  in  total  darkness  with  eyes  open. 
Following  the  initial  responses  to  the  start  and  stop  stimuli,  it  will  be  seen  that  the 
nystagmus  undergoes  multiple  reversal,  the  duration  of  each  reversal  varying 
randomly  from  about  50  to  100  seconds.  In  fact  as  many  as  five  reversals  occur  in 
response  to  the  40°/second  stimulus  and  three  to  the  20°/second  stimulus. 
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In  Figure  5  are  shown  the  computed  responses  to  a  caloric  stimulus,  again 
recorded  in  darkness. 

At  the  termination  of  the  initial  response,  the  nystagmus  again  undergoes 
multiple  reversal  of  direction,  but  on  this  occasion  each  reversal  is  long  lasting, 
reflecting  as  with  the  rotational  stimulus  the  duration  of  the  primary  response. 

It  would  seem,  therefore,  that  irrespective  of  the  nature  of  the  initiating 
stimulus,  the  response  rebounds  and  its  magnitude  and  duration  both  are 
functions  of  the  primary  response.  We  had  the  opportunity  of  examining  one 
patient  strapped  to  a  stretcher,  which  could  be  rotated  spit-like  about  the 
horizontal  axis.  Rotation  at  constant  velocity  in  this  manner  induces  a  persistent 
nystagmic  response,  the  mechanism  of  which  remains  obscure;  nevertheless, 
even  this  unusual  form  of  nystagmus  underwent  multiple  reversal.  In  addition,  it 
is  not  without  interest  that  Kato  et  al.  reported  the  occurrence  of  what  they 
termed  polyphasic  positional  nystagmus  in  four  patients,  all  of  whom  presented 
with  rebound  nystagmus.1 2 3 * *  In  these  patients  the  initial  positional  nystagmic 
response  underwent  as  many  as  four  distinct  reversals  of  direction. 


Discussion 

On  the  face  of  it,  these  are  remarkable  phenomena;  nevertheless,  they  bear 
certain  striking  resemblances,  albeit  in  an  exaggerated  form,  to  similar  responses 
that  can  be  elicited  in  the  normal  subject. 

Take  the  rebound  nystagmus  itself.  If  gaze  is  maintained  in  extreme  deviation 
for  a  sufficiently  long  period  of  time,  it  is  not  unusual  to  induce  in  a  normal 
subject  a  fine  nystagmus  beating  in  the  direction  of  the  gaze.  On  return  to  the 
primary  position,  a  few  beats  in  the  opposite  direction  invariably  occur. 

In  respect  to  rotational  tests,  it  is  unusual  nowadays  to  use  impulsive  stimuli  in 
excess  of  60°/second,  and  in  consequence  the  finding  of  a  secondary  nystagmic 
response  is  fairly  rare.  However,  the  German  vestibular  savants  of  old,  who  were 
accustomed  to  using  the  Barany  chair  with  stopping  velocities  of  180°/second, 
frequently  reported  multiple  reversals,  the  number  of  which  they  specified  by 
the  number  of  nachs  they  chose  to  prefix  the  word  nystagmus,  as  in  nach  nach 
nystagmus.  Likewise  de  Kleyn  reports  that  a  reversed  secondary  nystagmic 
response  can  be  observed  in  the  normal  subject  following  caloric  irrigation, 
provided  only  that  the  irrigation  is  maintained  for  15  minutes  or  more.8 

By  way  f  explanation,  de  Kleyn  invokes  Sherrington’s  law  of  successive 
induction,  maintaining  that  "the  reflex  arc  of  one  of  the  vestibular  systems  during 
its  own  activity  induces  a  phase  of  greater  excitability  and  capacity  for  discharge 
in  the  antagonistic  arc.”8 

To  this  it  seems  only  necessary  to  add  the  following  conclusions  derived  from 
our  own  findings: 

1.  The  phenomena  we  have  observed  in  patients  with  rebound  nystagmus 
would  appear  to  be  a  manifestation  of  the  same  mechanism  envisaged  by  de 
Kleyn,  but  one  that  has  been  released  from  inhibitory  control  so  that  it  operates 
unchecked. 

2.  The  mechanism  probably  has  its  origin  in  the  cerebellum  or  is  mediated  by 
cerebellar  influences  upon  centers  in  the  brain  stem. 

3.  Whatever  the  storage  mechanism  that  brings  about  the  phase  of  greater 

excitability  in  the  antagonistic  arc,  it  has  the  remarkable  capacity  for  storing  not 

only  magnitude  but  also  duration  of  response. 
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4.  At  least  in  the  presence  of  optic  fixation,  its  primary  mode  of  action 
appears  to  operate  upon  the  fast  rather  than  the  slow  component  of  the 
nystagmus. 

Beyond  this,  little  more  can  be  said  at  the  moment  other  than  to  draw 
attention  to  the  interesting  parallels  in  the  nystagmic  response  elicited  by 
electrical  or  chemical  stimulation  of  the  hippocampus,  recently  described  in  the 
rabbit.7  These  responses,  which  show  similar  rebound  phenomena  and  persist  for 
prolonged  periods  of  time,  have  been  attributed  to  a  decrease  in  excitability  of 
cholinergic  components  and  an  increase  in  excitability  of  adrenergic  compo¬ 
nents.  It  may  be  that  similar  neurochemical  mechanisms  are  operative  in  the  case 
of  rebound  nystagmus. 
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Introduction 

Head  movements  play  an  important  role  in  gaze;  the  interaction  between  eye 
and  head  movements  involves  both  their  shared  role  in  directing  gaze  and  the 
compensatory  vestibular  ocular  reflex.  This  shared  role  and  interaction  with 
respect  to  body  posture  and  locomotion  have  attracted  the  interest  of  neurologists 
since  the  time  of  Barany,  Magnus,  and  Dodge. 

Coordinated  gaze  movement  normally  has  an  initial  eye-in-orbit  saccade  onto 
the  target  followed  by  a  synkinetic  and  much  slower  head  movement.  At  the  level 
of  electromyographic  (EMG)  signal  latencies,  these  are  synchronous;  but  because 
the  viscoinertial  dynamics  of  head  and  neck  muscles  are  different  from  the 
viscoelastic  dynamics  of  eye  and  extraocular  muscles,  the  saccade  is  over  before 
head  position  has  changed.  The  vestibular  ocular  reflex  (VOR)  generated  by  head 
acceleration  drives  the  compensatory  eye  movement  (CEM),  eye-in-orbit,  in  the 
opposite  direction  so  that  gaze,  eye-in-space,  remains  on  target.  The  CEM  and  its 
VOR  component  are  influenced  by  visual  input  and  other  factors  that  modify 
gain;,UVIIUi25'M  resultant  overshoots  or  undershoots  are  corrected  by  later 
saccades.  These  features  have  been  defined  in  monkeys  and  man,  and  some 
clinical  studies  have  begun  exploration  of  pathological  changes.1 3~7, "~1S15,1' 8 
ia-au2.24.ai  Qesj(je  this  classical  coordinated  gaze  movement  {type  I)  (Figure  1), 
other  gaze  patterns  exist,  generally  determined  by  asynchronicity  of  the  neural 
controller  signals  as  reflected  in  the  experimentally  recorded  EMGs.  Sometimes 
head  movement  occurs  very  late  (type  II),  at  times  with  an  anticipatory,  non- 
VOR,  compensatory  eye  movement  (ACEM)  appearing  during  the  interval  before 
the  head  movement.  When  the  head  movement  occurs  early  (type  III),  eye 
saccades  often  are  slowed  or  truncated  by  the  interaction  with  the  ongoing  VOR. 
A  very  late  eye  saccade,  occurring  after  the  head  movement  and  the  VOR  are 
completed  (type  IV),  is  a  consequence  of  the  early  head  movement  influenced  by 
a  variety  of  experimental  protocol  conditions.  These  gaze  patterns  reflect  the 
increased  flexibility  of  head  movements  as  compared  with  the  rather  stereotyped 
generation  of  eye  saccades. 

The  methods  used  for  head-  and  eye-movement  recordings  are  well  known 
and  described  elsewhere.220,21  24  20 
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Results  and  Discussion 
Main  Sequence 

The  dynamics  of  head  trajectories  can  be  parameterized  to  obtain  the  peak 
velocity,  peak  accelerations,  the  times  of  these  extrema,  and  the  duration  of  the 
movement.  This  parameterization  is  useful  to  show  lawful  relationships  in  the 
trajectory  dynamics  over  the  wide  range  of  experimental  head  movements 
studied,  and  such  a  diagram  is  presented  in  Figure  2.  The  middle  diagram  shows 
the  significant  increase  of  peak  velocity  as  a  function  of  amplitude.  The  range  is, 
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Figure  1.  Coordinated  gaze  types.  Eye  position  (E),  eye  velocity  (E),  gaze  position  (G), 
head  position  (H),  velocity  (H),  and  acceleration  (H),  and  target  position  (T).  40° 
movements  between  left  (L)  and  right  (Rj. 


of  course,  quite  compressed  in  this  log-log  plot.  The  upper  bound  of  the  scatter  of 
experimental  results  is  represented  by  the  main  sequence  lines:  this  bound  is 
composed  of  the  fastest  movements  at  any  given  magnitude.  Although  velocity 
and  acceleration  increase  with  amplitude,  the  increase  is  not  proportional,  thus 
indicating  a  saturation  and  relative  slowing  of  the  movement.  The  dashed 
straight  line  in  the  middle  diagram  represents  the  behavior  of  a  model  for  head 
movement  simulated  on  a  digital  computer.17-24 

A  comparison  between  head,  eye,  and  arm  main  sequence  data  (Figure  2, 
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MAGNITUDE  (d««> 

Figure  2.  Main  sequence  for  head  movements.  Over  100  fast  head  movements  of  a 
normal  subject.  Dashed  line  is  a  head-movement-model  line.2428  Middle  right  shows 
comparative  data  from  the  literature.2  Eye  (E)  and  arm  (A)  movement  main  sequence  data 
on  the  left  show  similar  slopes  but  viscoinertially  caused  differing  intercepts.  Note  the 
comparatively  small  increase  of  duration  with  large  head  movements. 


Table  1)  shows  similar  slopes  but  different  intercepts,  probably  due  to  the 
different  load.  Also,  duration  increases  less  significantly  in  head  than  in  eye 
movements. 


Neck  Muscle  EMG 

Neck  Muscle  EMG  and  Details  of  the  Head-Movement  Trajectory 

The  electromyogram  is  an  accessible  measure  of  the  neural  controller  signal 
that  governs  head  rotation.  It  thus  provides  useful  information  for  interpreting 
and  modeling  dynamical  details  of  the  head-movement  trajectory.  Head  move¬ 
ments  are  synkinetic  with  eye  movements  in  gaze.  Although  similar  to  eye 
movements  in  overall  properties,  head  movements  show  a  contribution  of  stretch 


Table  1 

Comparison  of  Main  Sequence  Data  for  Eye  (E),  Head  (H),  and  Head  Model  (HM) 
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reflexes.  There  are  also  differences  in  detailed  dynamic  features.  Electromyo¬ 
grams,  representing  samples  of  neurological  controller  signals,  can  be  used  to 
predict  head  rotations,  which  can  be  either  time  optimal  or  non-time  optimal 
depending  upon  a  subject’s  intent.  A  major  property  of  neurological  control 
signals  is  reciprocal  innervation,  and  both  pairs  of  head  rotating  muscles — 
splenius  and  sternocleidomastoideus  muscles— demonstrate  this  (Figure  3).  The 
(mostly  biphasic  and  sometimes  triphasic)  EMG  activity  appears  to  fit  the  concept 
of  optional  time-optimal  control  in  head  movements,  and  explains  the  existence 
of  dynamic  overshoot  in  both  large  and  small  head  rotations  with  multiple  pulse 
control  of  the  trajectory,  seen  as  rapid  switchings  between  maximum  and 
minimum.  Also  demonstrated  are  quantitative  relationships  between  envelopes 
of  rectified  EMG  and  different  velocities  and  accelerations  in  head  movements 
of  the  same  amplitude  (Figure  4).  These  relationships  are  lawful  and  quantitative 
on  a  statistical  basis  with  averaged  data.  Because  of  the  main  sequence  relation¬ 
ship  (Figure  2),  they  also  relate  the  pulse  size  of  EMG  envelopes  to  different 
head-movement  amplitudes. 

Kinematic  factors,  such  as  operating  levels  in  terms  of  horizontal  rotations, 
have  an  important  influence  on  the  tonic  and  phasic  aspects  of  the  EMG  signal 
(Figure  4).  Reciprocally  innervated  pairs  of  horizontally  rotating  muscles  become 
cocontractors  for  vertical  rotation.  Correlation  of  detailed  shapes  of  envelopes  of 
rectified  EMGs  with  detailed  acceleration  functions  are  demonstrated  in  several 
experimental  paradigms.  (Figure  4).  Cocontraction,  the  stretch  reflex,  fatigue, 
and  supraspinal  influences  responding  to  complex  stimuli  contribute  to  variance 
in  both  EMG  signals  and  head  accelerations.  In  addition,  a  number  of  instrumen¬ 
tation  and  biological-sampling  difficulties  may  allow  the  EMG  signal  to  be 
discordant  with  the  neurological  control  signal  for  a  particular  movement. 

Latency  studies  demonstrate  the  causal  chain  from  target  input  to  agonistic 
electromyogram  (200  mseconds),  to  head  acceleration  (20  mseconds)  and  initial 
change  in  head  position  (45  mseconds),  to  final  head  position  (240  mseconds)  for 


Figure  3.  Neck-muscle  EMG  pulse  height  and  pulse  width  as  functions  of  head  velocity 
(V). 
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Figure  4.  Correlation  between  unrectified  EMG  of  left  and  right  splenius  (SP)  and 
sternocleidomastoid  (ST)  muscles  and  head  acceleration  (A),  velocity  (V),  and  position  (P) 
traces.  Note  abrupt  onset  (left  arrows),  contrasting  with  gradual  onset  (right  arrows)  of  EMG 
and  acceleration. 


20°  head  rotations.  Antagonistic  EMG,  obeying  reciprocal  innervation,  begins 
about  70  mseconds  after  agonistic  EMG  begins.  In  comparison  to  eye  movements, 
pulse  width  is  less  important  than  pulse  height  for  the  rectified  EMG;  this  also  is 
shown  for  direct  or  indirect  modeling  of  head  movements.17  2126 


Types  of  Head  Model  Accelerations 

Experimentally,  many  different  types  of  head-movement  trajectories  can  be 
noted  (Figure  1).  One  of  the  uses  to  which  we  put  our  head-movement  model  was 
to  study  the  changes  in  the  model  that  simulate  different  acceleration  types 
(Figure  5).  The  four  horizontal  rows  represent  four  different  types  arranged  in 
decreasing  order  of  maximum  acceleration.  As  can  be  noted  by  looking  at  the 
right-hand  column,  the  model  fits  the  experimental  position  trajectory  very  well 
for  all  four  types.  The  model  also  shows  excellent  fits  to  other  behavioral 
features,  such  as  duration,  maximum  velocity,  maximum  positive  acceleration, 
and  maximum  negative  acceleration.  The  timing  behavioral  parameters, 
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Figure  5.  Head-movement-model  fit  for  four  acceleration  types.  Left:  controller  signal 
envelopes.  Middle:  acceleration  traces  (smooth  lines  equal  model  traces).  Right:  position. 
Calibration  mark:  abscissa,  100  mseconds;  ordinate  (for  left,  middle,  and  right  respectively), 
1,000-g  force,  l,000°/second  per  second,  10°. 


Figure  6.  Structure  of  head-movement  model,  NL,  NR:  neural  control  signal  left  and 
right;  HTL,  HTR:  hypothetical  tensions,  left  and  right.  X,  V,  A.  position,  velocity,  and 
acceleration.  For  other  parameters,  see  Table  2. 
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however,  were  less  well  fitted,  as  can  be  noted  in  the  middle  column  showing 
model  and  experimental  acceleration  trajectories. 

The  structure  of  our  head-movement  model  is  shown  in  Figure  6,  and  the 
model  is  compared  and  contracted  with  the  eye-movement  model17  in  Table  2. 


Latency  of  Eye  and  Head  Movement  in  Coordinated  Gaze 

The  classical  coordinated  gaze  movement  may  be  described  as  a  saccadic  eye 
movement  followed  by  a  head  movement.  Synchronously  with  the  head  move¬ 
ment,  the  compensatory  eye  movement  returns  the  eye  to  its  primary  position  in 
the  orbit  as  an  exchange  of  head  movement  for  eye  movement.  In  this  way 
coordinated  gaze  obtains  a  first  advantage  from  the  fast  eye  saccade  to  rapidly 


Table  2 


Comparison  of  Head  and  Eye  Model  Parameters 


Definition 

Parameter 

Units 

Eye 

Head 

Scaling 

Factor 

Inertia 

/ 

g-sccVdeg 

4.3  x  10“5 

1.8  x  10~' 

103 

Viscosity 

B 

g-sec/deg 

1.5  x  10  2 

2.0 

102 

Parallel 

Elasticity 

Kp 

g/deg 

1.5 

2.0 

1 

Series 

Elasticity 

g/deg 

1.8 

40.0 

10’ 

Maximum 

Muscle  Force 

Fnux 

8 

100.0  (10") 

600.0  (10°) 
2000.0  (40°) 

10’ 

Minimum 

Muscle  Force 

1  min 

g 

Z.O 

2.0 

1 

A-fivation 

Time  Constant 

T 

sec 

4.0  x  10"3 

5.0  x  10'2 

10’ 

Deactivation 

Time  Constant 

Td 

sec 

8.0  x  10"3 

5.0  x  10‘2 

(10’) 

place  gaze  onto  a  target  in  space.  It  obtains  a  second  advantage  from  having  the 
eye  in  primary  position  at  the  end  of  the  movement  for  equal  ease  of  next  moving 
in  either  direction.  Although  this  classical  description  of  a  coordinated  gaze 
movement  has  head  movement  occurring  with  a  longer  latency  than  eye  move¬ 
ment,  it  must  be  realized  that  the  head,  being  a  larger  mechanical  object  than  the 
eyeball,  requires  an  increased  dynamical  lag  period  in  order  to  move.  Thus  we 
might  expect  that  the  neck  EMG  might  begin  synchronously  with  eye-movement 
EMG. 

Indeed,  neck  EMG  occurred  synchronously  with  eye  movement  (Figure  7, 
left  arrow),  since  the  eye  movement  is  almost  synchronous  with  its  own  EMG 
(about  8  to  12  mseconds).6'0’3  This  synchronicity  suggests  the  clarification 
obtained  by  measuring  latency  with  respect  to  a  controller  signal  and  not  with 
respect  to  the  behavioral  movement,  which  has  its  own  dynamical  lags.  The  first 
movement  of  Figure  7  shows  a  large-amplitude  head  movement,  with  the 
agonistic  neck-muscle  EMG  trace  (left  arrow)  turning  on  approximately  45 
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Figure  7.  Response  to  a  40°  target  shift  from  right  (R)  to  left  (L)  and  back.  Left  side: 
unpredictable  target  shift.  Eye  movement  precedes  head  (45  mseconds).  whereas  right 
splenius  EMG  (R  SP)  starts  about  10  mseconds  before  initial  eye-position  changes.  Right 
side:  predictable  target  shifts.  Head  predicts  comparatively  better  than  does  eye. 


mseconds  before  the  head  movement  occurs.  The  right  experimental  example 
shows  latencies  that  are  reduced  because  of  prediction  by  about  100  mseconds. 
Neck  EMG  latency  is  about  50  mseconds  less  than  latency  to  eye-position  change; 
consequently,  neck  EMG  leads  eye  EMG  by  about  40  mseconds  in  this  predictive 
situation. 

The  dynamic  lag  of  head  movement  (position,  acceleration,  derivative  of 
acceleration)  on  a  magnifying  time  scale  with  agonistic  and  antagonistic  EMG  is 
shown  in  Figure  8. 


Gaze  Latency  as  Function  of  (1)  Initial  Condition,  [2]  Amplitude,  (3)  Prediction, 
and  (4)  Neurological  Disease  Process 

1.  Forced  or  intended  time-optimal  coordinated  gaze  movements  have  eye- 
movement  latencies  that  are  shorter  than  head-movement  latencies.  The  gaze- 
latency  diagrams  (Figure  9)  demonstrate  this  as  an  offset  or  difference  between 
two  45°  lines.  One  45°  line,  passing  through  the  origin,  is  the  line  of  synchronici- 
ty,  that  is,  if  all  eye  movements  and  head  movements  were  synchronous  with 
exactly  the  same  latencies,  then  all  data  points  would  lie  on  this  line.  For  15° 
rapid  head  and  eye  movements,  with  instructions  to  the  subject  to  "force”  their 
head  movements  as  rapidly  as  possible,24  the  elliptical  spread  of  the  experimental 
data  points  could  be  fitted  by  the  regression  line  of  head  latency  on  eye  latency, 
for  which  the  correlation  coefficient  was  0.80.  When  standard  deviations  were 
calculated,  they  were  approximately  equal,  indicating  no  special  dependence  of 
eye  latency  on  head  latency  or  of  head  latency  on  eye  latency.  This  fitted  45°  line, 
with  a  40-msecond  offset  from  the  origin,  represents  a  model  of  gaze  latencies 
wherein  head  latency  is  40  mseconds  longer  than  eye  latency.  This  of  course  is 
the  dynamic  head-movement  lag.  The  fit  supposes  that  all  of  the  variation  that  is 
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normally  seen  in  gaze-movement  latency  is  a  coherent  covariability  where  head 
latency  and  eye  latency  vary  together.  This  is  consistent  with  a  neural  pathway 
between  stimulus  and  response,  part  of  which  is  shared  by  head  and  eye 
movement.  When  variability  occurs  in  the  shared  part  of  the  pathway,  it  is  a 
covariability.  Thus  with  exact  covariability,  all  data  should  lie  along  this  line;  this 
further  assumes  that  at  some  point,  where  there  are  separate  paths  to  control  eye 
and  head  movements,  variation  would  give  rise  to  noncoherent  covariability. 

When  the  subjects  did  not  force  their  head  movements  in  tracking  the  target, 
but  rather  made  “natural”  movements  with,  as  might  be  expected,  longer  delays, 
only  head-movement  latency  increased  in  this  more  natural  situation  (r  -  0.81; 
Figure  9,  upper  left).  Eye-movement  delay  seems  to  be  stereotyped,  less  accessi¬ 
ble  to  intent  of  the  subject,  and  thus  not  as  influenced  by  instructions  with  respect 
to  the  goal. 

2.  The  increase  of  head-latency  offset  for  a  natural  intent  of  the  tracking  task 
continued  when  the  target  amplitudes  were  increased  from  15  to  60°  (Figure  9, 
lower  left).  Again,  latency  of  eye  movement  did  not  change  whereas  latency  of 
head  movement  increased  by  approximately  80  mseconds  (r  -  0.78).  Also  it 


Figure  8.  Dynamic  lag  in  head  movement.  Position  (P),  acceleration  (A),  and  derivative 
of  acceleration  (A)  show  the  45-msecond  position  delay  due  to  viscoinertial  load  following 
start  of  agonist  EMG  (AG).  Dashed  lines  represent  EMG  pulse  envelopes. 
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appears  that  amplitude  for  the  natural  task  influenced  latencies,  that  is,  the  larger 
the  amplitude  the  longer  the  head  latency.  This  somewhat  smaller  effect  also  was 
noted  clearly  by  comparing  the  15°  forced  condition  with  the  60°  forced 
condition  (Figure  9,  upper  left).  Similarly,  head  latency  rather  than  eye  latency  is 
increased  in  comparing  these  conditions. 

3.  Subjects  greatly  reduced  their  latency  with  prediction,  approximately  300 
mseconds  (Figure  9,  upper  right).  This  reduction  was  somewhat  more 
pronounced  for  head  than  for  eye  latency,  but  occurred  to  a  large  extent  in  a 
covarying  way  along  the  45°  line  (r  =  0.95).  The  slight  shift  towards  synchrony 
was  attributed  to  a  somewhat  more  pronounced  decrease  for  latency  in  head 
movement.  When  subjects,  still  following  a  predictable  target,  became  fatigued, 
their  predictive  latencies  were  reduced  along  the  covarying  45°  line  (r  *  0.92). 


Figure  9.  Eye-  and  head-latency  correlations  with  different  initial  conditions  in  normal 
subjects  and  patients  with  homonymous  hemianopia.  15°  forced  (FOR)  and  natural  (NAT) 
head  movements  to  random  targets.  Predictable  targets  (prediction)  with  high  and  low 
(fatigue)  vigilance;  patients  with  seeing  (SHF)  and  blind  (BHF)  hemifield.  Dashed  line  is  the 
synchronicity  line. 
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Figure  10.  Comparison  of  mean  head,  arm,  and  eye  delays  |H,  A,  and  E).  Prediction  by 
head  and  arm  is  superior  to  eye.  Note  the  1.5-Hz  regular  target  oscillation,  while  random 
delay  (R)  is  less  for  the  eye.21 


4.  The  gaze-latency  diagram  also  was  applied  to  a  neurological  disease;18 
patients  with  homonymous  hemianopia  were  instructed  to  move  their  heads  as 
fast  and  accurately  as  possible  to  targets  of  10  and  20°  amplitude.  Great  increase 
occurred  in  both  eye-movement  and  head-movement  latency  when  the  subject 
gazed  into  the  blind  hemifield  (BHF)  (Figure  9,  lower  right).  Quantitatively,  this 
was  in  part  an  approximately  110-msecond  increase  in  delay  that  was  a  covary¬ 
ing,  or  joint,  delay  for  eye-movement  latency  and  head-movement  latency,  and 
in  part  an  extra  delay  that  was  noncoherent,  attributed  to  head-movement 
latency  only,  and  equal  to  about  120  mseconds  (r  =  0.85).  When  patients  moved 
their  gaze  to  the  seeing  hemifield  (SHF),  they  showed  only  the  covarying, 
approximately  110-msecond  increase  in  latency  for  both  eye  and  head  move¬ 
ment.  The  center  of  this  second  latency  distribution  (gaze  towards  SHF)  almost  is 
superimposed  on  the  normal,  15°  forced  line;  it  only  has  moved  upwards  on  this 
45°  line  (Figure  9,  lower  right). 

A  comparison  of  the  differing  mean  delay  times  for  head,  eye,  and  arm 
movements21  with  random  and  predictable  targets  is  shown  in  Figure  10. 


Coordinated  Gaze  Types 

"  The  experimental  time  functions  of  coordinated  eye  and  head  gaze  move- 

|  ments  that  have  been  described  give  an  idea  of  the  variability  (Figure  1)  and 

l  suggest  a  classification  for  clarification.  To  understand  more  deeply  these  gaze 

types  and  their  relation  to  active  head  trajectories,  it  is  most  helpful  to  discuss 
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them  in  terms  of  a  model.  This  model,  the  “gaze  plane,"  has  the  advantage  that 
eye  and  head  movements  are  displayed  as  functions  of  one  another  with  time  as 
only  an  implicit  function  of  eye  and  head  position  (Figure  11,  right  column).  In 
the  gaze-plane  plot,  we  see  the  fast  eye  saccade  occurring  first  (Figure  11, 
vertical  arrow  starting  from  the  origin).  The  line  pointing  diagonally  downwards 
exemplifies  the  CEM  and  the  head  movement  occurring  at  the  same  time.  Eye 
position  is  exchanged  for  head  position,  and  gaze,  that  is,  eye-in-space,  remains 
on  target  throughout  for  the  type  I  gaze  movement.  This  is  achieved  only  when 
the  CEM  gain  equals  unity;  higher  or  lower  gains  would  move  gaze  slightly  off 
the  target  during  the  head  trajectory.  Normally  this  would  not  be  a  severe 
disturbance  of  the  target  acquisition,  since  the  “postsaccadic  snapshot”21  already 
had  occurred.  Therefore,  the  target  did  not  need  to  remain  exactly  on  the  fovea; 
after  an  intersaccadic  interval  occurred,  corrective  saccades  could  return  target 
onto  the  fovea.  Errors,  or  differences  between  gaze  angle  and  target  angle,  are 
important  to  study  because  both  eye  and  head  movements  are  visual  feed¬ 
back-error-actuated  movement  patterns.  This  error  function  monitored  contin¬ 
ually  by  the  subject  is  the  important  variable  to  be  minimized  as  the  off-foveal 
eccentricity  of  the  target.  Error  is  minimized  in  the  type  I  gaze  movement,  where 
it  persists  only  for  the  short  eye  latency  and  during  the  very  rapid  eye  saccade, 
which  is  time  optimal.*17  However,  in  the  type  IV  gaze  response,  there  is  a  much 
longer  period  before  the  fovea  acquires  the  target,  since  the  head  movement 
finishes  its  trajectory  following  the  head-movement  latency  (Figure  11,  right 
column)  before  the  eye  even  begins  its  saccadic  trajectory.  Thus  the  error 
function  has  a  large  value  for  the  long  time  period  of  approximately  600 
mseconds,  which  includes  the  250-msecond  latency  of  the  head  movement,  a 
long  head  trajectory  of  300  mseconds,  and  a  subsequent  fast  eye  saccadic 
trajectory  of  approximately  50  mseconds.  This  additional  "excess  error”  present 
in  type  IV  compares  with  the  minimal  error  present  in  type  I  (Figure  11).  It  is 
represented  in  the  gaze  plane  by  the  cross-hatched  area  encompassing  the  error 
during  the  entire  period  of  head-eye  trajectory.  The  time  functions  as  well  as  the 
gaze  plane  demonstrate  the  time  optimality  of  type  I  gaze  pattern,  considering  the 
minimization  of  gaze  error  as  the  variable  to  be  controlled.  The  effect  of 
prediction  is  not  taken  into  account  in  the  gaze  plane  since  time  is  only  an 
implicit  function  there.  Thus  if  the  head  movement  of  type  IV  were  to  begin  so 
early  that  the  late  eye  saccade  of  this  type  actually  occurred  before  the  early 
saccade  of  type  I,  then  no  excess  error  would  occur,  but  rather  a  negative  error 
with  respect  to  type  I. 

The  experimental  examples  (Figure  1)  demonstrate  the  gaze  patterns  and 
their  variability  for  each  of  the  four  gaze  types.  When  we  apply  the  gaze-plane 
model  to  the  gaze  types,  we  can  abstract  their  basic  neurological  motor  coordina¬ 
tion  features  (Figure  11).  The  "classical”  type  I  gaze  shows,  as  explained,  the 
minimal  error,  depending  only  on  eye  latency.  An  excess  error  does  not  occur. 
Since  head  acceleration  can  vary  greatly  in  this  type,  additional  errors  due  to 
nonunity  CEM  gain  and  quick-phase-like  saccades  occasionally  take  place.  Type 
II  gaze  shows  the  delayed  head-movement  condition  with  an  early  gaze  acquisi¬ 
tion  of  the  target.  Typically,  an  anticipatory  compensatory  eye  movement 
(ACEM)  occurs,  which  does  not  depend  on  the  VOR.  The  ACEM  moves  gaze  off 
target  until  the  head  movement  again  brings  it  back  onto  target.  The  excess  error 
shows  up  after  the  first  target  acquisition  has  occurred.  Although  ACEM  velocity 
often  merges  indistinguishably  with  the  subsequent  CEM,  its  beginning  (vertical 
line.  Figure  11)  demonstrates  its  important  distinction  from  the  VOR.  Low-gain 
CEMs  frequently  occur  that  relate  closely  to  particularly  slow  head  velocities.1** 
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Corrective  saccades,  which  would  delay  additionally  the  final  accurate  target 
acquisition,  are  not  necessary  in  this  case. 

The  early  head  movement  in  type  III  is  not  due  to  delay  in  the  occurrence  of 
the  eye  saccade  but  rather  to  the  early  appearance  of  the  head  movement  with  its 
greater  flexibility  in  predicting  the  target.  Thus  the  excess  error  with  respect  to 
type  I  frequently  is  not  nearly  as  great  as  it  might  be  with  random  targets;  with 
enough  prediction,  it  even  may  be  a  negative  quantity.  Head  movement  often 


Figure  11.  Eye  and  head  coordinated  gaze  types.  Left:  error  displays;  dashed  lines  are 
excess  error  (ER)  with  respect  to  gaze  (G)  and  target  (T)  position.  Middle:  eye  (E)  and  head 
(H)  position;  vertical  line  indicates  the  relative  eye  and  head  latency.  Right:  gaze  plane 
display  with  time  as  an  implicit  function  showing  excess  error  and  eye-head  interaction  for 
the  gaze  types  in  normal  subjects. 


occurs  early  with  respect  to  the  occurrence  of  the  eye  movement,  and  the 
dynamical  interactions  therefore  are  a  significant  and  major  consideration.  Two 
varieties  are  shown  in  the  abstracted  diagrams  (Figure  11).  Type  IIIa  shows  a 
saccade  occurring  early  during  the  head  trajectory,  but  late  enough  to  interact 
with  the  VOR,  which  slows  down  the  saccade.  When  the  eye  saccade  occurs  later 
in  the  trajectory,  as  in  type  Ills,  it  may  be  truncated  due  to  its  synchrony  with  a 
maximally  active  VOR  occurring  at  peak  positive  head  acceleration.  Often  this 
truncation  is  compensated  for  by  a  lowered  CGM  gain,  which  in  fact  may  be  the 
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result  of  the  influence  of  a  saccade  on  the  ongoing  VOR.  Thus  truncation  of  the 
saccade  could  be  due  to  neuromuscular  and  peripheral  biomechanical  interac¬ 
tions  that  are  dependent  upon  the  different  initial  conditions  of  an  oppositely 
going  VOR  and  that  influence  the  forces  of  the  muscles  attempting  to  generate 
the  saccade.17^  Another  explanation  for  this  interaction  type  could  be  an  interac¬ 
tion  of  the  control  signals  on  a  higher  central-nervous-system  level.19  We  noted 
also  that  the  fast  phases  in  type  IIIb  look  very  much  like  the  quick  phases  of 
nystagmus,  which  relates  type  III  to  nystagmus  generation  in  particular.  The 
extreme  lateness  of  the  eye  saccade  in  type  IV  provides  for  a  great  deal  of  excess 
error,  especially  when  the  very  early  head  movement  did  not  anticipate  target 
movement.  This  excess  error  shows  up  both  in  the  time  functions  and  in  the  gaze 
plane.  Because  of  the  very  late  normal-velocity  eye  saccade,  no  peripheral 
interaction  occurs  and  the  eye  saccade  finally  brings  fovea  and  gaze  onto  target. 
However,  the  importance  of  the  prediction  operator  is  demonstrated  in  Figure  ll 
(lower  left)  showing  negative  excess  error.  This  means  that  with  high  prediction, 
the  very  late  eye  saccade  actually  occurs  earlier  than  the  early  eye  saccade  of 
type  I  with  its  minimal  standard  latency  error. 


Clinical  Examples  of  Gaze-Plane  Analysis 

Clinical  examples  (Figure  12)  demonstrate  the  variety  of  interactions  of  eye 
and  head  in  gaze  movements  in  patients  with  homonymous  hemianopia.  The 
upper  left  shows  a  gaze  movement  toward  the  seeing  hemifield  (SHH),  placed  in 
the  upper-right  direction  in  this  figure  (directions  are  plotted  positively  in  graphs; 
0E,  ordinate;  0H,  abscissa),  with  eye  movement  undershooting  the  target  so  that  the 
right  hemianopic  field  (represented  by  diagonal  slashes)  does  not  obscure  the 
view  of  the  target  either  after  the  first  eye  saccade  or  during  head  movement  and 
CEM,  or  with  the  second  eye  saccade  compensating  or  correcting  for  initial 
undershoot  (small  upward  vertical  arrow).  The  upper  left  also  shows  a  gaze 
movement  toward  the  blind  homonymous  hemifield  (BHH),  which  overshoots 
the  target  on  initial  eye  movement  saccade  (vertical  arrow  downward  from  the 
origin)  so  that  the  right  hemianopic  field  does  not  obscure  the  view  of  the  target. 
This  upper-left  corner  of  Figure  12  shows  saccadic  eye  movements  adaptive  for 
safe  acquisition  of  target.  Contrariwise,  maladaptive  saccadic  eye  movements 
(middle  left)  overshoot  a  target  in  the  SHH  or  undershoot  a  target  in  the  BHH,  so 
that  view  of  the  target  is  obscured  by  the  hemianopic  field. 

Similarly,  a  change  in  CEM  gain  can  be  adaptive  (upper  middle)  or  maladap¬ 
tive  (lower  middle).  Unity  gain  has  a  minus  45°  slope  in  contrast  to  CEM  gains, 
greater  with  greater  slope  or  lower  with  less  slope.  Corrective  saccades  (small 
vertical  arrow)  are  required  to  compensate  for  nonunity  CEM  gains.  The  effect  of 
the  ACEM,  occurring  before  actual  head  movement,  is  shown  on  the  upper  and 
middle  right  (Figure  12).  On  gaze  to  target  in  the  SHH  with  accurate  eye  saccade, 
the  occurrence  of  an  adaptive  ACEM  places  the  hemianopic  field  away  from  the 
target  and  permits  safe  viewing  of  the  target  during  head  movement  and  CEM.  A 
corrective  saccade  is  necessary  (small  vertical  upward  arrow)  at  the  end  of  gaze 
movement.  A  maladaptive  ACEM  (lower  right)  moves  gaze  off  the  target  so  that 


^Kenyon,  R.  V.,  et  a/.  1980.  Unequal  saccades  during  vergence.  Am.  J.  Optom.  Physiol. 
Optics  57:  586-594. 
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the  BHH  obscures  view  of  the  target.  More  frequently  occurring  clinical  exam¬ 
ples  (Figure  12)  are  interpreted  easily  in  the  light  of  these  less  often  occurring 
examples.  Compensating  discrepancies  (left)  permit  safe  viewing.  With  gaze  to 
the  SHH,  an  undershooting  saccade  (upward  vertical  arrow)  prevents  low  CEM 
gain  (downward  oblique  arrow)  from  obscuring  view  of  the  target  in  many 
instances  (about  60%).  Similarly,  an  overshooting  saccade  (downward  vertical 


I-ZIP 


Figure  12.  Gaze  plane  display  for  patients  with  homonymous  hemianopia.  Columns 
show  saccadic,  CEM,  and  ACEM  (Z-ZIP)  mechanisms  compensating  for  the  field  defect 
while  acquiring  targets.  Rows  show  adaptive,  maladaptive,  and  clinically  more  frequent 
examples. 


arrow)  with  gaze  to  the  BHH  prevents  high  CEM  gain  (upward  oblique  arrow) 
from  obscuring  the  target  in  many  instances  (about  60%). 

An  especially  interesting  compensatory  discrepancy  sometimes  occurs  (about 
25%;  Figure  12,  lowermost  row,  middle)  when  saccadic  overshoot  (large  down¬ 
ward  vertical  arrow)  with  gaze  to  the  BHH  is  corrected  by  an  ACEM  (small 
upward  vertical  arrow)  so  that  the  fovea  is  on  target  but  without  a  safety  margin. 
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A  pure  saccadic  undershoot  discrepancy  also  sometimes  occurs  (about  25%; 
upward  vertical  arrow),  which  permits  safe  target  acquisition. 

Maladaptive  discrepancies  may  occur  (right)  with  low  CEM  gain  (downward 
oblique  arrow)  on  gaze  to  the  SHH,  or  with  ACEM  (small  upward  vertical  arrow) 
and  high  CEM  gain  (upward  oblique  arrow).  Both  place  target  into  the  hemia- 
nopic  field  during  CEM  and  require  corrective  saccades  into  the  BHH. 


Instantaneous  Change  of  CEM  Gain 

A  highly  interesting  difference  in  interactional  modes  of  head  and  eye 
movements  was  recorded  in  a  patient  with  congenital  homonymous  hemianopia 
(Figure  13).  In  our  example,  the  target  moves  20°  to  the  right  and  returns  after  2 


T 


Figure  13.  Instantaneous  change  of  CEM  gain  in  a  patient  with  congenital  hemianopia. 
Trace  descriptions  as  in  Figure  1.  Hatched  field  indicates  blind  hemifield.  Note  the 
particularly  high-gain  CEM  (left  arrow)  with  gaze  to  right  blind  hemifield  (down),  the 
intersaccadic  interval  before  correction  saccades  occur  (middle  arrow)  together  with 
continual  drift,  and  the  almost  zero  gaze  velocity  (right  arrow)  before  a  saccade  and  head 
movement  with  no  CEM  occur. 


seconds— evidently  not  predicted  in  time,  as  indicated  by  latencies  of  290  and 
500  mseconds  (eye)  and  360  and  450  mseconds  (head)  to  right  and  left.  Normal 
values  for  this  amplitude  are  210  and  250  mseconds.20,23,23,20  The  initial  22°  eye 
movement,  obviously  predicted  in  amplitude,  shows  small  overshoot,  which  is 
typical  of  predictive  gaze  to  the  BHH.  The  fast  head  moveihent  and  the 
particularly  high-gain  CEM,  together  with  a  continual  eye  drift  interrupted  by 
corrective  saccades,  characteristic  in  this  patient,  bring  gaze  back  to  the  target. 
With  gaze  toward  the  SHH,  eye  (10°)  and  head  (13°)  movement  components 
place  the  fovea  accurately  onto  the  target.  A  CEM  does  not  occur. 

Here  we  have  two  completely  different  mechanisms  or  strategies  of  gaze 
movement;  the  first  with  0B  -  0T  -  0CBM  -  0H  permitting  gaze  movement  to  have 
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advantages  from  the  speed  of  the  first  eye  movement,  then  a  continued  accurate 
foveation,  when  head  movement  and  GEM  together  trade  0H  for  0E  leaving  gaze 
on  target  throughout,  and  finally  eye  in  primary  position  with  respect  to  orbit;  two 
seconds  later,  a  different  target  acquisition  mode  is  used  where  plus  0hesd 
equals  0Urg^,  with  0CEM  equal  to  zero.  CEM  gain  clearly  is  suppressed  or  canceled; 
also  summation  with  an  equal  and  opposite  smooth  pursuit  is  not  a  real  possibility 
since  smooth  pursuit  generally  would  not  operate  at  velocities  of  the  CEM, 
150°/second,  and  since  smooth  pursuit  would  require  about  200  mseconds  delay. 


Variability 

The  CEM  gain  can  be  changed  and  also  preset3  5 14  ,5  “—even  from  unity  to 
zero  within  two  gaze  movements  in  this  patient.  Another  interesting  aspect  is  that 
the  patient’s  drift  is  interrupted  by  multiple  small  saccades  intruding  on  the  slow 
movement,  producing  a  nystagmus-type  movement.  A  number  of  small  saccades 
are  seen  in  almost  all  the  types,  interrupted  by  small  saccades  that  intrude  upon 
the  VOR  reflex  and  appear  as  fragments  of  the  fast  phases  of  vestibular 
nystagmus  here  also.  Conversely,  we  see  in  Figure  1  that  an  interrupted 
acceleration  of  the  head  movement  appears  to  be  a  double  movement  and  to  be 
related  to  the  double  saccades  seen  in  fatigued  eye  movements.2  Here  the 
interrupted  fast  head  movement  does  not  interfere  with  the  vestibular  ocular 
reflex  that  is  generated. 

What  are  the  primary  factors  building  the  gaze  types?  The  most  important 
factor  (Table  3)  is  the  amount  of  prediction  that  the  head  movement  undergoes  so 
that  its  latency  varies  with  respect  to  an  EMG  latency  equal  to  the  eye  movement, 
from  a  late  head  movement  (type  II)  to  a  very  early  head  movement  (type  IV).  We 
have  shown  that  the  predictability  that  the  nervous  system  can  use  with  head 
movements  almost  is  equivalent  to  that  for  arm  movements  and  is  more  powerful 
than  in  the  eye-movement  control  system.2128  The  gaze  types  correlate  with 
acceleration  types  of  head  movements.  The  latter  have  been  studied  previously 
as  dynamic  responses  and  confirmed  by  simulations.17,24  The  type  II  late  head 
movement  is  associated  with  small  amplitudes  and  rather  slow  head-movement 
trajectories,  shown  by  the  often  “fragmented”  acceleration  time  functions.  When 
the  head  movement  occurs  earlier  than  the  eye  saccade,  we  see  gaze  types  III 
and  IV.  Both  types  occur  quite  frequently  with  larger  amplitudes  and  therefore 
often  with  fast  head  accelerations. 

Head  peak  positive  accelerations  mostly  are  higher  than  head  negative 
accelerations  and  also  are  less  “fragmented.”  Apparently  when  the  head  move¬ 
ment  is  large  and  also  predicted,  a  highly  efficient  and  time-optimal  neural 
controller  signal  can  be  generated,  also  described  in  EMG  studies.8  25  With  the 
“classical”  type  I  gaze,  both  fast  and  slow  head  accelerations  can  be  seen.  The 
possible  variability  of  the  head  trajectory  is  noted  particularly  in  this  type.  It 
contrasts  with  the  rather  stereotyped  eye-movement  trajectory. 

In  concluding  our  observations  and  analyses,  we  see  how  the  more  intention¬ 
ally  governed  head  movement  influences  the  eye  and  gaze  patterns  on  different 
levels  of  the  central  nervous  system.  Head  movement  changes  on  a  higher  level 
with  various  experimental  conditions  (e.g.  prediction),  and  it  acts  on  a  lower  level 
through  its  variant  dynamic  trajectories  on  the  VOR  and  therefore  on  the  eye 
movement.  In  addition  to  responses  in  healthy  subjects  to  various  experimental 
conditions,  patients  with  homonymous  hemianopia  demonstrate  highly  abnormal 
gaze  responses. 
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Introduction 

Voluntary  rotational  movements  of  the  head  normally  are  carried  out  at  a 
velocity  level  that  provides  a  very  potent  stimulus  to  the  angular  movement 
receptors  of  the  vestibular  apparatus,  the  semicircular  canals.  Such  a  transient 
stimulus,  whether  it  is  induced  by  a  volitional  or  a  passive  head  rotation,  evokes  a 
reflex  eye  movement  that,  even  in  the  absence  of  visual  fixation,  consists  of  two 
components:  an  initial  saccade  in  the  direction  of  head  movement,  and  a  slower 
component  that  returns  the  eye  toward  orbital  center1 2  (Figure  1).  There  is  little 
doubt  that  the  slower  component,  which  compensates  for  the  head  movement 
and  stabilizes  gaze  position  at  the  end  of  the  saccade,  corresponds  to  the  slow 
phase  of  vestibular  nystagmus  observed  during  a  passive  rotational  stimulus. 
Experiments  on  visual  target  acquisition  have  shown  that  an  exactly  similar 
pattern  of  eye  movement  is  evoked  when  the  subject  makes  coordinated  head 
and  eye  movements  to  view  discrete  target  sources  in  the  peripheral  visual 
field2"5  (Figure  1). 

The  question  that  arises  is  whether  the  saccadic  eye  movement  of  visual 
search  corresponds  to  the  fast-phase  component  of  vestibular  nystagmus  or, 
alternatively,  whether  the  visual  and  vestibular  afferents  share  a  common  input 
to  the  mechanism  of  saccadic  generation.  If  either  is  true,  it  would  be  expected 
that  the  saccadic  component  of  eye  movement  during  visual  search  would  be 
modified  in  the  presence  of  a  coexistent  stimulus  to  the  vestibular  apparatus. 

Previous  experiments  on  patients  with  spontaneous  nystagmus  of  vestibular 
origin  have  indicated  that  such  an  interaction  of  the  nystagmus  fast  phase  and  the 
saccadic  eye  movement  could  be  observed  during  voluntary  head  movements  in 
the  dark.8  In  the  present  experiment  an  attempt  has  been  made  to  quantify  these 
interactions  by  instructing  the  subject  to  make  voluntary  head  movements  during 
the  period  of  a  postrotational  vestibular  stimulus. 


Methods 

Apparatus 

The  subjects  were  seated  on  a  small  turntable,  which  was  positioned  at  the 
center  of  a  semicircular  periphery  of  radius  1.2  m.  Embedded  into  the  periphery 
were  small  red-light-emitting  diodes,  each  subtending  approximately  0.2°  at  the 
eye  and  having  a  luminance  of  2.5  cd/m2.  The  lights  were  placed  at  approxi¬ 
mately  equal  (15°)  intervals  around  the  periphery  to  left  and  right  of  a  center 
light.  The  sequence  of  presentation  of  the  target  lights  was  made  under  computer 
control. 

A  lightweight  helmet  was  worn  by  the  subject  (see  Reference  2  for  details). 
The  crown  of  the  helmet  was  attached  by  a  flexible  coupling  to  a  rotary 
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li)  C.T  lii)  T.F 


(iii)V.R  (iv)PR 


Figure  1.  The  oculomotor  response  to  voluntary  head  movements  in  four  experimental 
conditions:  (i)  CT— continuous  target  presentation;  (ii)  TF— target  light  flashed  on  for  100 
mseconds;  (iii)  VR— voluntary  head  movements  in  the  dark;  and  (iv)  PR— passively  induced 
head  movements  in  darkness.  (All  figures  ©  Ministry  of  Defense,  London,  England.) 


potentiometer  mounted  above  the  subject’s  head  on  a  support  member  attached 
to  the  turntable.  This  enabled  the  angular  position  of  the  head  to  be  measured  for 
rotational  movements  about  the  vertical  axis.  An  angular  accelerometei  also  was 
attached  to  the  helmet  to  measure  the  acceleration  of  the  head  about  the  axis  of 
rotation. 

Eye  movements  were  recorded  using  the  electro-oculographic  (EOG)  tech¬ 
nique  with  Ag-AgCl  electrodes  placed  beside  the  external  canthi.  1116  subjects 
wore  a  red  filter  visor  during  the  initial  setting-up  period  and  throughout  the 
experiments  in  order  to  stabilize  the  corneoretinal  potential  and  hence  the  gain 
of  the  EOG  recording.  The  experiment  was  carried  out  in  a  darkened  laboratory 
in  which  no  visual  positional  cues  were  available  to  the  subject  other  than  the 
target  lights. 

Eight  subjects  (three  male,  five  female)  took  part  in  the  experiment.  None  had 
any  known  visual  or  vestibular  defect,  and  all  had  normal  mobility  of  the  head 
and  neck. 


Experimental  Procedure 

Subjects  were  rotated  on  the  turntable  for  a  period  of  60  seconds  at  a  velocity 
of  approximately  lOOVsecond.  At  the  end  of  this  period,  rotation  was  stopped 
abruptly  with  the  subject  coming  to  rest  facing  in  the  direction  of  the  center  target 
light.  During  the  ensuing  period,  in  which  a  potent  nystagmus  was  present,  the 
subjects  were  exposed  to  one  of  the  following  two  experimental  conditions. 


Target  Flash  Presentation  (TF  Condition) 

The  subject  made  head  and  eye  movements  toward  target  lights,  which 
appeared  for  100  mseconds  in  random  order  at  offset  angles  of  ±30°  and  ±60°. 
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Twenty  sequences  of  target  presentation  were  given;  each  sequence  began  with  a 
brief  presentation  of  the  center  target,  which  was  followed,  after  a  2-second 
delay,  by  the  illumination  of  the  offset  target.  Two  seconds  elapsed  before  the 
start  of  the  next  sequence.  The  advantage  of  this  procedure  was  that  it  allowed  an 
indication  of  target  position  to  be  given  without  continuous  fixation  so  that  there 
was  very  little,  if  any,  suppression  of  the  postrotational  nystagmus.  Previous 
experiments  had  established  that  such  briefly  presented  targets  would,  in  normal 
circumstances,  lead  to  an  accurate  determination  of  the  required  saccadic 
amplitude.2-87 


Voluntary  Head  Rotation  in  the  Dark  (VR  Condition) 

In  this  experimental  condition,  the  subject  voluntarily  rotated  the  head  about 
the  yaw  axis  in  the  dark,  with  the  eyes  open.  The  discrete  movements  were  made 
in  a  set  sequence  starting  from  the  central  position,  moving  to  a  random  offset 
position,  and  then  returning  to  center.  There  was  no  instruction  to  make 
voluntary  eye  movements.  Each  subject  made  40  or  more  individual  head 
movements  in  approximately  the  same  period  (80  seconds)  as  those  in  the  TF 
condition. 

Each  of  the  two  experimental  conditions  was  conducted  twice,  once  following 
rotation  to  the  left  and  once  after  rotation  to  the  right.  These  four  sessions  were 
presented  to  the  subjects  in  a  balanced  randomized  design. 


Results 

Qualitative  Features 

The  responses  from  all  subjects  showed  that  the  presence  of  a  concurrent 
vestibular  response  had  a  profound  effect  upon  the  oculomotor  response  during 
visual  search  (Figure  2).  When  the  head  displacement  was  in  the  opposite 
direction  to  the  fast  phase  of  the  postrotational  nystagmus,  the  onset  of  the 
saccade  associated  with  that  head  movement  was  delayed  and  the  amplitude  of 
the  saccade  was  reduced;  this  is  illustrated  by  the  first,  fourth,  sixth,  seventh,  and 
ninth  head  movements  in  Figure  2.  Conversely,  when  the  head  movements  were 
made  in  the  same  direction  as  the  nystagmus  fast  phase,  the  saccades  were  of 
larger  amplitude.  There  was  also  less  delay  between  the  start  of  head  accelera¬ 
tion  and  the  onset  of  the  saccade  when  the  head  was  moved  in  the  direction  of 
the  fast  phase,  although  it  was  sometimes  difficult  to  define  which  saccade 
actually  was  related  to  the  head  movement. 

The  interaction  of  the  postrotational  nystagmus  with  head-movement- 
induced  saccades  appeared  to  be  similar  both  in  the  target  flash  condition,  where 
there  was  an  indication  of  retinal  target  location,  and  during  the  voluntary  head 
movements  executed  in  the  dark. 


Quantitative  Features 


Data  Reduction 

The  results  were  analyzed  on  a  computer  (HP  9845)  with  interactive  graphics 
capability.  The  recordings  of  head  and  eye  movement  were  sampled  at  5- 
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msecond  intervals  and  displayed  on  the  video  screen.  This  enabled  each 
individual  response  to  be  analyzed  separately  with  high  resolution.  The  follow¬ 
ing  variables  have  been  analyzed: 

1.  The  latency,  t„  between  the  start  of  head  acceleration  and  the  onset  of  the 
saccadic  eye  movement  (Figure  2). 

2.  The  duration  of  the  saccadic  eye  movement  (r2). 

3.  The  angular  velocity  of  the  head  at  the  onset  of  the  saccade  (Hv),  obtained 
by  integration  of  the  head-acceleration  profile. 

It  had  been  intended  that  certain  amplitude  relationships  between  head,  eye,  and 
gaze  position  also  would  be  examined.  However,  this  proved  extremely  difficult 
because  of  the  inherent  drift  in  the  d.c.-recorded  EOG,  and  the  problem  of 
defining  the  intended  eye  position  in  the  TF  condition. 

During  the  period  following  the  cessation  of  rotation,  the  slow-phase  eye 
velocity  of  the  nystagmus,  induced  by  the  abrupt  deceleration,  decayed  in  an 
exponential  manner.  The  average  initial  slow-phase  velocity  was  93°/second  for 
the  TF  condition  and  114°/second  for  the  VR  condition.  The  response  decayed  to 
zero  within  30-40  seconds  and  was  followed,  in  all  subjects,  by  a  sustained 
secondary  nystagmus  with  a  peak  average  slow-phase  velocity  of  -7°/second.  In 
the  presentation  of  results  that  follows,  the  variables  have  been  considered  first 
with  respect  to  time  and  second  with  respect  to  slow-phase  eye  velocity. 


The  Latency  (tJ  of  Eye  Movement  with  Respect  to  Head  Acceleration 

The  relationship  between  the  start  of  head  movement,  as  monitored  by  the 
angular  accelerometer  attached  to  the  head,  and  the  onset  of  the  saccadic  eye 
movement  is  plotted  in  Figure  3  as  a  function  of  time  (t)  after  the  cessation  of 
rotation.  The  upper  traces  indicate  separately  the  values  obtained  when  the  head 
movement  was  made  in  the  opposite  direction  (r,~)  and  in  the  same  direction  (r,+) 
as  the  fast  phase  of  the  postrotational  nystagmus.  In  both  stimulus  conditions,  r," 
decayed  from  an  initial  peak  value  of  120-130  mseconds  in  an  approximately 
exponential  manner  that  was  similar  to  the  decay  of  the  nystagmus  slow-phase 
eye  velocity.  Conversely,  the  value  of  t,  +  increased  as  slow-phase  velocity 
decayed  to  the  extent  that  during  the  period  of  the  secondary  nystagmus  (t  >  40 
seconds),  the  mean  level  of  r,+  exceeded  that  of  r, 

In  both  experimental  conditions,  the  latencies  for  head  movements  made  in 
the  same  direction  as  the  fast  phase  were  always  less  than  for  head  movements  in 
the  opposite  direction.  The  differences  in  latency,  dr,  (-  r,~  -  t,+),  were  highly 
significant  (p  <  0.001)  for  the  first  12  seconds  of  the  response  and  less  significant 
for  other  periods,  as  detailed  in  the  lower  traces  of  Figure  3. 

Correlation  of  the  variables  r,"  and  t,+  with  slow-phase  eye  velocity  for 
individual  subjects  showed  that  a  linear  relationship  between  these  variables 
could  be  assumed  with  a  high  level  of  probability  (p  <  0.01). 

The  majority  of  the  subjects  responded  with  saccadic  eye  movements  that 
were  initiated  after  the  start  of  head  movement,  with  latencies  slightly  greater 
than  those  observed  in  a  previous  experiment.2  One  subject,  however,  repeatedly 
initiated  eye  movement  before  or  simultaneously  with  head  acceleration  during 
the  low-velocity  phase  of  the  postrotational  response  in  the  target  flash  condition, 
though  not  during  voluntary  head  movements  in  the  dark.  It  is,  however,  of 
interest  that  in  this  subject  the  values  of  r,'  were  positive  during  the  initial  period 
of  the  decaying  slow-phase  eye  velocity  and  decayed  progressively  with  time,  as 
they  did  for  the  other  subjects.  Thus,  it  would  appear  that  the  vestibular  response 
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(a)  TF 


(b)  VR 


p<0  001  p<00t 


Figure  3.  The  effect  of  a  postrotational  vestibular  response  on  the  latency  between  head 
and  eye  movement  during  head  movements  with  (r,*)  and  against  (t,~)  the  direction  of  the 
nystagmus  fast-phase  component,  (a)  Target  flash  (TF)  condition,  (b)  Voluntary  head 
movements  (VR)  in  the  dark.  Mean  of  8  subjects  ±1  standard  error  of  the  mean  (SEM)  in 
lower  traces. 


is  able  to  modify  the  timing  of  the  saccade  even  when,  under  normal  circum¬ 
stances,  it  is  initiated  before  the  head  movement  and  is,  patently,  not  of  vestibular 
origin. 


The  Duration  (r2)  of  the  Saccadic  Eye  Movement 

In  order  to  obtain  some  indication  of  the  influence  of  the  postrotational 
response  on  the  amplitude  of  the  eye  movements,  the  duration  of  the  saccade  has 
been  examined.  During  normal  saccadic  eye  movements  of  amplitude  greater 
than  approximately  10°,  the  velocity  is  constant  (®  300-400°/second)  and  the 
amplitude  is  proportional  to  the  duration  of  the  saccade.8  The  results  in  Figure  4 
show  how  the  duration  (t2)  of  the  saccadic  eye  movement  associated  with  the 
voluntary  head  movement  was  modified  by  the  presence  of  the  postrotational 
nystagmus.  In  both  experimental  conditions,  the  duration  increased  as  a  function 
of  time  for  head  movements  against  the  nystagmus  fast  phase  and  decreased  for 
movements  in  the  same  direction  as  the  fast  phase.  The  difference  in  saccadic 
duration,  dr2  (-  r2'  -  r2*),  was  highly  significant  (p  <  0.001)  for  the  first  24 
seconds  of  the  postrotational  response  and  reversed  in  polarity  during  the  period 
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(a)  TF 


(b)  VR 


Figure  4.  The  effect  of  a  postrotational  vestibular  response  on  the  duration  of  the 
saccadic  eye  movement  of  visual  search  during  head  movements  with  (r/)  and  against  (r2  ] 
the  direction  of  the  nystagmus  fast-phase  component,  (a)  Target  flash  (TF)  condition,  (b) 
Voluntary  head  movements  (VR)  in  the  dark.  Mean  of  8  subjects  ±1  SEM  in  lower  traces. 


of  the  secondary  nystagmus.  Correlation  of  saccadic  duration  with  eye  velocity 
revealed  a  linear  relationship  between  the  two  variables,  which  was  significant 
at  the  5%  level. 

Measurement  of  the  saccade  duration  in  these  circumstances  gives  only  an 
approximate  indication  of  the  changes  to  be  expected.  In  the  results  from  the  TF 
condition,  considerable  variability  is  present  because  the  responses  to  both  30° 
and  60°  targets  have  been  analyzed  together.  Similarly,  during  the  voluntary 
responses  in  the  dark,  the  lack  of  control  over  the  actual  amplitude  of  head 
movement  contributes  to  the  overall  variance.  Nevertheless,  the  results  do  show 
that  the  postrotational  response  has  a  significant  effect  on  the  duration  of  the 
saccadic  eye  movement. 


The  Velocity  of  Head  Movement  (Hv)  at  the  Onset  of  the  Saccade 

As  the  latency  between  the  start  of  a  head  movement  and  the  onset  of  a 
saccade  increases,  the  actual  head  velocity  achieved  before  saccadic  initiation 
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also  should  increase,  because  there  is  a  longer  initial  acceleration  period.  The 
results  shown  in  Figure  5  indicate  that,  as  expected,  the  head  velocity  decreased 
exponentially  with  time  for  movements  against  the  fast  phase  and,  conversely, 
increased  for  those  in  the  same  direction  as  the  fast  phase.  The  difference  in 
head  velocity  (d H„)  of  consecutive  pairs  of  movements  also  decreased  in  a 
manner  that  closely  followed  the  time  course  of  the  slow-phase  velocity  of 
nystagmus.  In  both  experimental  conditions,  it  was  found  that  the  values  of  d Hv 
were  significantly  greater  than  zero  (p  <  0.001)  for  the  initial  12  seconds  of  the 
response.  Correlation  of  head  velocity  and  slow-phase  eye  velocity  exhibited  a 
highly  significant  relationship  (p  <  0.001)  for  all  subjects. 

It  is  worthy  of  note  that  the  mean  head  velocity  at  the  start  of  the  saccade  that 
corresponded  to  the  normal  condition  of  zero  initial  slow-phase  eye  velocity  was 
approximately  35-40°/second.  It  is  clear  that  such  a  velocity  level  is  more  than 
sufficient  to  elicit  a  response  from  the  semicircular  canals,  although  it  should  be 
noted  that  this  measure  exhibited  wide  intersubject  variation,  with  values  that 
ranged  from  OVsecond  in  one  subject  to  74°/second  in  another. 


(a  I  TF 


lb)  VR 


p  <0-001 


Figure  5.  The  effect  of  a  postrotational  vestibular  response  on  the  head  velocity  at  the 
initiation  of  the  saccadic  eye  movement  during  head  movements  with  (H/)  and  against 
(H»  )  the  direction  of  the  nystagmus  fast-phase  component,  (a)  Target  flash  (TF)  condition, 
(b)  Voluntary  head  movements  (VR)  in  the  dark.  Mean  of  8  subjects  ±1  SEM  in  lower 
traces. 
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Discussion 

The  results  of  this  experiment  demonstrate  that  the  presence  of  a  concurrent 
stimulus  to  the  vestibular  system  can  significantly  modify  the  temporal  character¬ 
istics  of  head-eye  coordination  during  voluntary  head  movements.  This  modifi¬ 
cation  of  performance  was  unlikely  to  have  been  due  simply  to  the  unfamiliar  or 
disorientating  nature  of  the  stimulus.  Such  an  effect  might  well  have  been 
expected  to  lead  to  an  overall  modification  of  the  values  of  the  latency  r,.  but  not 
one  that  would  be  dependent  on  the  direction  of  head  movement.  There  is  thus  a 
direct  interaction  between  the  output  of  the  vestibular  system  and  the  mechanism 
responsible  for  generating  the  saccadic  component  during  visual  search.  It  is 
probable  that  this  interaction  takes  place  at  or  before  the  input  to  the  mechanism 
of  saccadic  generation,  since  any  mixing  of  responses  beyond  this  level  would 
give  rise  to  changes  in  the  amplitude  characteristics  of  the  eye  movement  but  not 
in  the  temporal  relationships. 

It  is  possible  that  the  interaction  takes  place  within  the  vestibular  apparatus 
itself,  since  the  modification  of  response  is  that  which  would  be  predicted  from 
the  combined  effects  of  the  postrotational  stimulus  and  the  head-turning  move¬ 
ments  on  the  cupulae  of  the  semicircular  canals.  In  earlier  experiments  it  has 
been  shown  that  a  saccadic  eye  movement,  similar  to  that  seen  during  visual 
search,  can  be  elicited  from  stimulation  of  the  lateral  canals  by  head  rotation  in 
the  dark.12  In  an  attempt  to  model  the  occurrence  of  such  saccades  (and  of  the 
fast  phase  of  vestibular  nystagmus),  it  has  been  suggested  that  saccades  occur 
whenever  the  output  of  the  canals,  which  represents  the  driving  signal  propor¬ 
tional  to  eye  velocity,  exceeds  a  certain  threshold  level.9  During  the  period  of  the 
postrotational  nystagmus,  the  slow-phase  eye  velocity  does  not  change  appre¬ 
ciably  during  the  short  course  of  a  voluntary  head  movement  and  may  be 
regarded  as  effectively  constant.  The  head  movement  itself  stimulates  the 
semicircular  canals  to  respond  by  producing  a  compensatory  driving  signal  to  the 
eyes,  the  velocity  of  which  mirrors  that  of  the  head.  Consequently,  when  the 
head  movement  is  in  the  direction  of  the  nystagmus  fast  phase,  the  slow-phase 
component  due  to  head  movement  will  be  added  to  that  of  the  nystagmus  and  the 
resultant  eye-velocity  driving  signal  will  exceed  the  threshold  after  a  shorter 
latency  (r,  +  )  and  at  a  lower  head  velocity  (H/ )  than  normal.  Conversely,  when 
the  head  is  moved  in  the  opposite  direction,  the  latency  (r,_)  and  the  head 
velocity  (Hv~)  would  be  increased.  These  predictions  are  in  accord  with  the 
experimental  results  (Figures  3  and  5).  In  the  latter  condition,  it  would  also  be 
predicted  that  a  reversal  of  slow-phase  eye  velocity  would  occur  just  prior  to  the 
saccade,  a  feature  that  was  observed  frequently  in  the  oculographic  recordings 
(Figure  2). 

Another  prediction  of  the  model  was  that  the  duration  of  the  saccade  (r2) 
should  be  related  to  slow-phase  eye  velocity,9  which  in  normal  circumstances 
would  represent  head  velocity.  It  therefore  is  not  surprising  to  find  that  the 
duration  was  increased  when  the  slow-phase  components  due  to  the  head 
movement  and  the  postrotational  stimulus  were  additive  (t2+)  and  decreased 
when  they  were  subtractive  (r2~).  This  result  is  in  accord  with  the  findings  of  an 
earlier  experiment,  in  which  the  amplitude  of  the  gaze  saccade  was  found  to  be 
highly  correlated  with  the  velocity  of  head  movement  during  visual  search.2 

Thus,  the  results  are  not  incompatible  with  the  hypothesis  that  the  saccade  of 
visual  search  is  of  vestibular  origin.  However,  it  is  not  possible  to  rule  out  some 
other,  more  complex  interactive  mechanism  between  the  visual  and  vestibular 
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inputs  to  the  saccadic  mechanism.  There  is  some  evidence  for  this  in  the  present 
experiment  from  the  results  of  the  one  subject  who  consistently  initiated  eye 
movements  before  head  movement  in  the  target  flash  condition,  a  response  that 
clearly  rules  out  any  vestibular  involvement  in  saccadic  initiation.  Nevertheless, 
even  in  these  responses  there  was  the  same  modification  of  the  latency  (r,)  and 
the  duration  of  the  saccadic  eye  movement  (t2).  These  findings  are  consistent 
with  those  of  a  previous  experiment,  in  which  it  was  found  that  for  larger 
amplitude  head  movements,  the  saccade  might  be  initiated  by  visual  or  other 
central  means  but  that  the  amplitude,  and  thus  also  the  duration  of  the  saccade, 
was  more  closely  correlated  with  the  expected  output  of  the  vestibular  system 
than  with  the  actual  retinal  error  signal.2 

On  the  basis  of  previous  experiments,  it  has  been  argued  that  there  are 
probably  two  modes  of  head-eye  coordination.2,10  In  the  primary  and  dominant 
mode,  which  may  be  termed  target  acquisition,  the  saccade  is  calculated 
accurately  on  the  basis  of  a  reliable  retinal  error  signal  and  may  be  initiated 
before  head  movement.  In  a  secondary  and  subordinate  mode,  which  represents 
one  of  visual  search  rather  than  target  acquisition,  the  subject  makes  head 
movements  in  the  direction  of  the  target  location  and  the  saccadic  eye  movement 
is  generated  as  a  reflex  response  to  the  head-turning  movement.  It  is  this  latter 
mode  that  is  seen  during  voluntary  head  movements  in  the  dark,  and  probably 
also  when  making  coordinated  movements  to  locate  targets  that  are  positioned 
more  eccentrically  in  the  peripheral  visual  field.  Although  in  the  target  flash 
condition,  there  was  an  indication  of  retinal  error,  it  is  probable  that  the  subjects 
reacted  with  a  visual-search-mode  response  because  the  disorientating  sensa¬ 
tions  associated  with  the  postrotational  stimulus  often  gave  rise  to  some  uncer¬ 
tainty  about  the  target  location. 

It  therefore  is  difficult  at  present  to  say  with  any  certainty  how  a  saccade  that 
is  known  to  be  of  visual  origin  might  interact  with  such  a  vestibular  response.  In  a 
future  experiment,  it  is  planned  to  investigate  the  interaction  of  the  visual  and 
vestibular  mechanisms  in  experimental  conditions  in  which  the  saccadic  eye 
movement  is  known  to  be  initiated  by  the  visual  system.  Preliminary  results  from 
this  experiment  indicate  that  there  is  a  significant  interaction,  which  can,  under 
some  circumstances,  lead  to  the  complete  elimination  of  the  visual  saccade  when 
there  is  a  coexistent  nystagmus  of  vestibular  origin. 
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Introduction 

Patients  with  acute  labyrinthine  disorders  frequently  complain  of  the  visual 
sensation  of  movement  of  the  surroundings  on  head  rotation.1  This  optic  illusion 
in  unilateral  labyrinthine  lesion  cases  occurs  when  the  head  moves  in  a  particu¬ 
lar  direction,  and  the  direction  of  the  illusory  motion  usually  is  opposite  to  that  of 
the  head  movement.2  Although  little  information  is  available  on  retinal  image 
stability  in  such  cases,  it  is  reasonable  to  suppose  that  these  phenomena  may  be 
related  to  defective  eye-head  coordination  found  in  bilaterally  labyrinthecto- 
mized  monkeys  and  labyrinthine-defective  human  beings.3  4 

We  have  devised  an  apparatus  that  enables  us  to  record  head  rotation  without 
mechanical  restraint  and  have  reported  on  the  characteristics  of  eye-head 
coordination  in  normal  subjects.5  7  Using  this  apparatus,  we  herein  analyze  the 
eye-head  coordination  during  lateral  gaze  in  patients  with  unilateral  and  bilat¬ 
eral  labyrinthine  lesions. 


Methods 

Horizontal  eye  movements  were  recorded  by  d.c.  electro-oculography 
through  bitemporal  leads.  Horizontal  head  rotation  was  recorded  using  a  device 
containing  two  terrestrial  magnetic  sensors.  Terrestrial  magnetism  was  rein¬ 
forced  by  two  pieces  of  Permalloy  placed  at  both  sides  of  a  Hall  element,  which 
functioned  as  a  terrestrial  magnetic  sensor.  Two  sensors  were  placed  perpendic¬ 
ular  to  one  another  and  mounted  on  the  subject's  head  by  means  of  a  light  plastic 
helmet.  The  total  weight  of  the  apparatus  including  the  helmet  was  450  g.  Only  a 
thin  wire  was  necessary  to  make  electrical  connection  to  the  apparatus.  Thus  the 
subject  could  move  his  head  without  feeling  any  mechanical  restraint  or  psycho¬ 
logical  load  on  head  rotation.  The  output  voltage  of  the  sensors  was  proportional 
to  the  angular  rotation  within  a  range  of  +50°  with  an  error  of  less  than  1%. 

To  examine  the  accuracy  of  the  present  recording  techniques  for  head  and 
eye  movements,  we  measured  gaze  displacements,  i.e.,  summation  of  head  and 
eye  displacements,  of  10°  to  50°  at  the  final  resting  position  of  lateral  gaze  in  10 
normal  subjects.  The  means  of  gaze  displacement  agreed  very  well  with  the 
target  angles,  and  the  standard  deviations  corresponded  to  approximately  5%  of 
each  target  angle.7  Since  normal  subjects  must  fix  the  target  on  the  fovea  at  the 
end  of  gaze,  this  proves  that  the  recording  methods  used  in  this  study  are  able  to 
record  head  and  eye  movements  within  a  gaze  displacement  of  50°  with 
satisfactory  accuracy.  Eye  position  in  space,  i.e.,  gaze,  was  displayed  by  electri¬ 
cally  adding  the  eye  and  head  movements. 

In  this  report,  11  patients  with  unilateral  and  5  patients  with  bilateral  loss  of 
labyrinthine  function  (unilateral  and  bilateral  lesions),  who  showed  complete 
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canal  paresis  of  the  involved  ear  or  ears  by  caloric  testing,  were  examined.  Of  the 
unilateral  lesion  cases,  5  were  patients  with  vestibular  neuritis,  3  with  Ramsay 
Hunt  syndrome,  and  3  with  idiopathic  aural  vertigo.  Of  the  bilateral  lesion  cases, 
2  were  patients  with  ototoxity  due  to  glycoside  antibiotics  and  the  other  3  were  of 
unknown  etiology.  The  periods  between  the  onset  of  disease  and  the  initial 
testing  were  1  to  13  days  in  the  unilateral  lesions  and  1  to  9  months  in  the  bilateral 
lesions. 

After  at  least  15  minutes  of  dark  adaptation,  the  lateral  gaze  test  and  the 
al.emate  side-to-side  gaze  test  were  performed.  The  visual  targets  were  red- 
light-emitting  diodes  subtending  a  0.14°  visual  angle,  which  were  mounted  in  a 
2-m  radius  semicircular  panorama  at  20°  and  40°  right  and  left  of  the  central 
diode.  In  the  lateral  gaze  test,  the  subjects  sitting  at  the  center  of  the  panorama 
were  instructed  to  move  both  their  head  and  eyes  to  fixate  the  target  as  it  jumped 
from  the  center  to  one  of  the  four  lamps  and  back  to  the  center  4  seconds  later. 
The  order  of  target  presentation  was  randomized.  Each  lamp  was  presented  five 
times  and  a  subject  underwent  a  total  of  20  trials.  In  addition  to  the  continuous 
mode  of  target  presentation,  the  subjects  were  tested  in  two  ways;  first  by  using  a 
target  lamp  that  was  turned  off  after  the  eye  speed  had  reached  40°/second  and 
relighted  1  second  later  (eye-triggered  mode);  and  second  by  using  another  lamp, 
which  was  extinguished  during  the  period  of  time  when  the  head  was  moving  at 
a  speed  of  more  than  5°/second  (head-triggered  mode).  In  the  alternate  side- 
to-side  gaze  test,  the  subjects  were  asked  to  look  at  one  of  the  two  target  lamps  40° 
apart— which  were  turned  on  20  times  alternately  at  intervals  of  approximately  1 
second— with  the  head  fixed  and  then  with  the  head  free.  The  entire  testing 
procedure  took  about  half  an  hour.  Eye  movements  were  calibrated  after  the 
subjects  had  adapted  to  the  dark  and  whenever  the  test  conditions  were 
changed. 


Results 

Unilateral  Lesions 

When  a  subject  is  asked  to  look  at  a  target,  first  the  eyes  move  and  then  the 
head  starts  to  move.  After  the  sum  of  eye  and  head  movements,  i.e.,  gaze,  has 
reached  the  target  angle,  the  eyes  stop  and  thereafter  perform  a  countermove¬ 
ment  (compensatory  eye  movement)  to  continue  their  target  fixation  during  the 
head  movement  (Figure  1A). 

In  addition  to  this  normal  type  of  gaze  change,  patients  with  unilateral  lesions 
often  showed  two  other  types  of  eye-head  coordination.  One  is  the  "overshoot” 
type  of  Figure  IB,  in  which  the  eyes  and  head  move  to  the  target  similarly  to  the 
normal  type.  However,  the  compensatory  eye  movement  is  not  enough  to  cancel 
the  head  movement.  Thus  the  gaze  drifts  in  the  direction  of  head  movement  and 
causes  an  overshoot.  The  gaze  overshoot  is  corrected  by  a  saccade,  as  shown  by 
the  arrow  in  Figure  IB.  In  this  case,  the  amplitude  of  gaze  overshoot  was  10°  and 
the  interval  between  the  onset  of  the  compensatory  eye  movement  and  that  of  the 
corrective  saccade  was  580  mseconds.  Another  pattern  is  the  "rounding”  type  of 
Figure  1C,  in  which  the  eyes  stop  before  the  gaze  reaches  the  target.  However, 
since  the  compensatory  eye  movement  is  smaller  than  the  head  movement,  the 
gaze  continues  to  move  slowly  and  reaches  the  target.  The  ratio  of  the  peak 
velocity  of  the  compensatory  eye  movement  to  the  peak  head  velocity,  i.e.,  VOR 
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Figure  1.  Three  types  of  eye-head  coordination  often  seen  in  patients  with  labyrinthine 
disorders.  The  vertical  dotted  lines  show  the  end  of  the  eye  saccade  that  corresponds  to  the 
onset  of  compensatory  eye  movement.  The  arrow  in  the  overshoot  type  (B)  indicates  a 
saccadic  change  for  correcting  gaze  overshoot,  e,  h,  and  g:  records  of  eye,  head,  and  gaze 
displacements. 


gain,  is  less  than  1.0  in  both  the  overshoot  and  the  rounding  types.  On  the  other 
hand,  the  pattern  of  eye-head  coordination  in  which  VOR  gain  is  greater  than  1.0 
is  rare. 

The  appearance  rates  of  abnormal  responses  with  VOR  gain  less  than  1.0  in 
the  lateral  gaze  tests  initially  performed  in  11  cases  are  shown  in  the  order  of  the 
period  of  time  between  the  onset  of  disease  and  the  testing  (Figure  2,  unilateral 
lesions).  Except  for  one  case  (Case  9)  that  was  tested  12  days  after  onset,  all  cases 
showed  abnormal  responses  of  the  overshoot  and/or  the  rounding  types.  The 
appearance  rates  of  the  abnormal  responses  are  especially  high  on  ipsilateral 
gaze,  and  gaze  overshoots  were  found  only  on  the  same  side. 

The  lateral  gaze  tests  were  repeated  in  the  eye-triggered  mode  (E-T),  in  which 
the  target  light  is  extinguished  for  one  second  after  the  start  of  eye  movement, 
and  in  the  head-triggered  mode  (H-T),  in  which  the  light  is  off  during  the  period 
of  head  movement.  As  shown  by  the  darker  numbers  in  Table  1,  the  appearance 
rates  of  abnormal  responses  with  VOR  gain  less  than  1.0  increased  in  the 
majority  of  cases  and  reached  100%  in  a  few  cases.  Even  in  Case  9,  showing  no 
abnormal  response  in  the  continuous  mode,  the  rates  became  56%  and  64%  in 
the  eye-  and  the  head-triggered  modes  respectively.  The  overshoot-type 


•'  *tii' 


VOR  <  1  RESPONSES  IN  PERCENTAGE 


574 


Annals  New  York  Academy  of  Sciences 


VOR<1  RESPONSES  IN  PATIENTS  WITH  LABYRINTHINE  LESIONS 


UNILATERAL  LESIONS 
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Figure  2.  The  appearance  rates  of  responses  with  VOR  gain  less  than  1.0  at  the  initial 
testing  in  patients  with  unilateral  and  bilateral  lesions.  On  the  abscissa  is  the  period  of  time 
from  the  onset  of  the  disease.  On  the  ordinate  is  the  percentage  of  the  normal  and  abnormal 
responses  of  each  type. 


Table  1 


Percentages  of  Responses  with  VOR  Gain  Less  than  1.0  under  Various  Test 
Conditions  in  Patients  with  Unilateral  Lesions* 


Case 

Ipsilateral  Gaze 

Contralateral  Gaze 

CT. 

E-T 

H-T 

Alter. 

CT. 

E-T 

H-T 

Alter. 

1 

82(82) 

75  (67) 

77  (55) 

100 (100) 

18(0) 

42  (17) 

38(13) 

50  (0) 

2 

67(42) 

67  (17) 

78  (61) 

100  (37) 

0(0) 

11  (0) 

0  (0) 

6  (6) 

3 

76  (33) 

100  (100) 

100  (40) 

91  (36) 

10(0) 

10  (0) 

10  (0) 

0  (0) 

4 

90(90) 

95  (95) 

100 (100) 

100  (100) 

0(0) 

5  (5) 

0  (0) 

0  (0) 

5 

55  (15) 

26  (5) 

66  (33) 

62  (0) 

0(0) 

0  (0) 

0  (0) 

0  (0) 

6 

69(16) 

75  (25) 

60  (0) 

100  (56) 

0(0) 

5  (0) 

0  (0) 

0  (0) 

7 

33  (14) 

70  (55) 

47  (42) 

78  (45) 

0(0) 

10  (0) 

0  (0) 

0  (0) 

8 

45  (15) 

50  (50) 

05  (85) 

75  (75) 

10(0) 

0  (0) 

9  (0) 

11  (ID 

9 

0  (0) 

50  (31) 

64  (40) 

100  (55) 

0(0) 

18  (0) 

0  (0) 

8  (0) 

10 

25 (20) 

20  (10) 

45  (35) 

92  (84) 

0(0) 

0  (0) 

0  (0) 

•  (0) 

11 

90(50) 

80  (30) 

95  (74) 

88  (25) 

15(0) 

25  (0) 

10  (0) 

19  (13) 

*The  percentages  of  overshoot-type  responses  are  given  in  parenthesis.  When  the 
percentage  is  increased  by  one  or  more  of  the  three  additional  tests— i.e.,  the  lateral  gaze 
test;  In  the  eye-triggered  (E-T)  and  head-triggered  (H-T]  modes  and  the  alternate  side- 
to-side  gaze  test  (Alter.)— over  that  of  the  lateral  gaze  test  in  the  continuous  mode  (CT.),  in 
each  case,  the  number  is  set  in  bold  type. 
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responses  also  appeared  on  contralateral  gaze  in  a  few  cases,  though  these  were 
far  fewer  than  on  ipsilateral  gaze. 

The  alternate  side-to-side  gaze  tests  also  revealed  much  higher  positive  rates 
of  responses  with  VOR  gain  less  than  1.0  than  did  the  lateral  gaze  tests  in  the 
continuous  mode  (Table  1).  As  shown  in  Figure  3,  middle,  the  overshoot-  and 
rounding-type  responses  tend  to  occur  exclusively  on  ipsilateral  gaze. 

The  appearance  rates  of  the  overshoot-type  responses  in  Case  3,  tested 
frequently  during  the  course  of  disease,  are  shown  in  Figure  4.  When  the  lateral 

NORMAL  RESPONSE 


UNILATERAL  LESION 


~n . n . f— . t 

I  \  I  I  I  I 

J . k_J. . Li . L-J-  „ 


BILATERAL  LESION 


Figure  3.  Normal  and  abnormal  responses  obtained  by  the  alternate  side-to-side  gaze 
tests  in  patients  with  unilateral  and  bilateral  lesions.  Gaze  overshoots  are  seen  on  gazing 
toward  the  involved  side  (20°  right)  in  unilateral  lesion  (middle)  and  on  gazing  toward  both 
sides  in  bilateral  lesion  (bottom). 


gaze  tests  were  performed  in  the  continuous  mode,  the  overshoot-type  responses 
disappeared  within  one  month.  However,  under  different  test  conditions,  the 
gaze  overshoots  were  observed  for  over  one  month  and  disappeared  within  six 
months. 


Bilateral  Lesions 

Although  patients  with  bilateral  lesions  underwent  the  lateral  gaze  tests  in  the 
continuous  mode  of  target  presentation  one  to  nine  months  after  the  onset  of 
disease,  all  five  cases  showed  the  overshoot-  and  the  rounding-type  responses  on 
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gazing  to  both  sides  (Figure  2,  bilateral  lesions).  As  seen  in  patients  with 
unilateral  lesions,  the  appearance  rates  of  responses  with  VOR  gain  less  than  1.0 
were  markedly  increased  in  almost  all  cases  by  means  of  one  or  more  of  the  three 
additional  tests,  i.e.,  the  lateral  gaze  tests  in  the  eye-  and  head-triggered  modes 
and  the  alternate  side-to-side  gaze  test  (Table  2). 


Comments  and  Conclusions 

Under  the  condition  of  maintaining  natural  head  motility,  we  studied  eye- 
head  coordination  during  lateral  gaze  in  patients  with  unilateral  and  bilateral 
labyrinthine  lesions. 

All  patients  with  unilateral  lesions,  when  tested  initially  within  11  days  after 
the  onset  of  disease,  showed  the  overshoot-  and/or  rounding-type  responses,  in 
which  the  ratio  of  the  velocity  of  eye  movement  and  the  head  velocity  (VOR  gain) 
was  less  than  1.0.  These  responses  appeared  far  more  frequently  on  gazing 
toward  the  involved  side,  and  the  occurrence  of  gaze  overshoot  was  limited  to  the 
same  side.  This  asymmetrical  appearance  seems  to  reflect  the  nonlinear  sensitiv¬ 
ity  of  the  labyrinth  whereby  the  excitation  tends  to  be  greater  than  the 
inhibition.'9 

Five  patients  with  bilateral  lesions  tested  1  to  9  months  after  the  onset  of 
disease  showed  responses  with  VOR  gain  less  than  1.0  on  gazing  toward  both  the 
left  and  the  right  sides.  The  durations  of  abnormal  responses  were  longer  than 
those  in  patients  with  unilateral  lesions,  where  they  disappeared  within  approxi¬ 
mately  one  month.  This  indicates  the  difficulty  of  compensation  in  bilateral 
lesions. 

When  the  lateral  gaze  tests  were  repeated  using  the  target  presentation  of  the 


% 
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Figure  4.  Incidences  of  overshoot-type  response  on  ipsilateral  gaze  in  a  patient  with 
vestibular  neuritis  (Case  3)  during  the  course  of  disease.  CT.,  E-T,  and  H-T:  the  lateral  gaze 
tests  in  the  continuous,  eye-triggered,  and  head-triggered  modes  of  target  presentation. 
Alter.:  the  alternate  side-to-side  gaze  test. 
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Table  2 

Percentages  of  Responses  with  VOR  Gain  Less  than  1.0  under  Various  Test 
Conditions  in  Patients  with  Bilateral  Lesions* 


Case 

Rightward  Gaze 

Leftward  Gaze 

CT. 

E-T 

H-T 

Alter. 

CT. 

E-T 

H-T 

Alter. 

1 

70  (30) 

96(30) 

41  (0) 

100  (100) 

37  (21) 

48(32) 

38(19) 

60(40) 

2 

70(25) 

100(65) 

83  (71) 

100  (79) 

45  (25) 

40(37) 

47(35) 

85(85) 

3 

35  (5) 

50  (0) 

40(10) 

30  (10) 

20  (10) 

42(11) 

50(15) 

11  (0) 

4 

55  (10) 

90(67) 

73  (47) 

100  (40) 

20  (5) 

72  (33) 

51  (6) 

70(40) 

5 

79(42) 

65  (25) 

78  (33) 

92  (92) 

61 (42) 

77(59) 

95  (56) 

91  (82) 

*The  percentages  of  overshoot-type  responses  are  given  in  parenthesis.  Other  features 
are  the  same  as  in  Table  1. 


eye-  and  the  head-triggered  modes,  the  appearance  rates  of  abnormal  responses 
were  markedly  increased  on  ipsilateral  gaze  and  gaze  overshoots  were  found 
even  on  contralateral  gaze,  though  still  infrequently.  This  tendency  also  was 
detected  in  the  alternate  side-to-side  gaze  tests.  These  results  are  different  from 
those  of  Kasai  and  Zee  in  labyrinthine-defective  subjects.4  They  reported  that 
various  types  of  gaze  changes  occurred  at  approximately  the  same  frequency 
either  in  the  continuously  illuminated  target  mode  or  in  the  target  flash  mode, 
and  gaze  stability  was  improved  markedly  when  the  subjects  could  anticipate  the 
next  position  of  a  jumping  target.  The  difference  may  be  explained  by  the 
incompleteness  of  adaptive  strategies  to  stabilize  gaze  after  labyrinthine  lesions 
in  our  cases,  in  which  gaze  stability  depends  to  a  considerable  extent  on  the 
presence  of  visual  stimuli  and  is  disturbed  easily  by  the  repetition  of  gaze  change 
in  the  alternate  side-to-side  gaze  tests. 

The  tests  for  eye-head  coordination  mentioned  here  have  two  advantages:  the 
subjects  are  examined  during  the  simple,  natural  behavior  of  looking  at  the  target 
with  the  head  free,  and  the  results  correspond  well  to  their  subjective  symptoms 
by  indicating  the  presence  of  visual  illusion  on  head  rotation. 
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Introduction 

The  unexpected  appearance  of  a  visual  stimulus  initiates  a  well-defined 
sequence  of  motor  events  to  foveate  the  stimulus  in  human  and  monkey,  that  is,  a 
saccadic  eye  movement  followed  by  a  head  movement  and  a  compensatory  eye 
movement  for  head  turning.1'4  Investigation  of  this  eye-head  coordination  in 
monkeys  revealed  that  the  initial  saccade  and  the  head  movement  are 
completely  adequate  even  when  a  visual  stimulus  is  turned  off  just  prior  to  the 
saccade,  and  that  they  are  centrally  preprogrammed.3'5  It  also  was  shown  that  the 
saccadic  characteristics  during  head  turning  are  adjusted  by  a  negative  vestibulo- 
ocular  feedback.6  When  the  head  is  free  to  move,  the  amplitude,  duration,  and 
peak  velocity  of  gaze  exactly  match  those  of  saccade  with  the  head  immobilized.6 
Here,  gaze  is  defined  as  the  sum  of  the  eye  position  in  orbit  and  the  head  position 
in  space. 

In  patients  with  cerebellar  disorders,  gaze  dysmetria  with  and  without  head 
movements,  and  an  abnormal  vestibulo-ocular  reflex  (VOR)  have  been 
observed.715  The  purpose  of  this  communication  is  to  show  how  the  gaze 
accuracy  at  the  end  of  the  initial  saccade  is  changed  when  the  head  is  free  to 
move  in  comparison  with  the  head-immobilized  condition  in  patients  with 
degenerative  cerebellar  diseases.  We  will  show  that  the  head-free  condition  for 
gaze  shift  decreases  the  frequency  of  occurrence  of  dysmetric  gaze  but  does  not 
change  the  amplitude  of  dysmetria.  We  also  will  show  that  the  gain  of  the  VOR 
does  not  correlate  with  dysmetric  gaze  either  in  frequency  of  occurrence  or 
amplitude. 


Methods 

Subjects 

Sixteen  patients,  including  11  males  and  5  females  from  21  to  63  years  (mean, 
42.8  years),  who  have  had  cerebellar  ataxia  for  a  duration  of  from  1  year  and  3 
months  to  27  years  (mean,  10.2  years),  were  examined.  The  clinical  diagnosis  was 
olivopontocerebellar  atrophy  (OPCA)  in  7  patients,  Marie's  ataxia  in  2  patients, 
dentatorubropallidoluysian  atrophy  (DRPLA)  in  2  patients,  other  forms  of  spino- 


*This  study  was  supported  by  a  Grant  for  Research  in  Spinocerebellar  Degeneration 
from  the  Ministry  of  Health  and  Welfare  of  japan, 
t Department  of  Neurology. 

^Department  of  Otolaryngology. 

^Department  of  Ophthalmology. 
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cerebellar  degeneration  in  4  patients,  and  parenchymatous  cerebellar  degenera¬ 
tion  associated  with  chronic  alcoholism  in  1  patient.  The  brief  clinical  features  of 
the  patients  are  summarized  in  Table  1. 


Apparatus 

Electrodes  (Saneisokki  Co.)  were  placed  on  each  outer  canthus,  above  and 
below  the  right  eye.  Horizontal  eye  movement  was  recorded  by  electro¬ 
oculogram  (EOG)  with  d.c.  coupling,  while  vertical  eye  movement  was  recorded 
by  EOG  with  a.c.  coupling  to  monitor  blinks.  Head  movement  was  registered  by 
an  x-y  tracker,  using  a  high-speed  TV-camera  system  (Hamamatsu  TV  Co.}.’*  A 
small  lamp  was  placed  on  the  forehead  of  the  subject.  The  light  on  the  forehead 
was  detected  by  the  TV  camera  and  was  followed  in  both  horizontal  and  vertical 
directions  by  the  x-y  tracker  with  a  sampling  rate  of  15.75  kHz.  The  vertical  axis 
of  head  position  was  adjusted  to  a  plumb  line. 

Both  the  EOG  and  the  x-y  tracker  have  a  linearity  between  the  angular 
displacements  of  the  eyes  and  head  and  the  corresponding  output  analog  signals 
over  a  range  of  ±35°,  with  a  sensitivity  of  about  1°.  Gaze  was  computed 
electrically  by  summing  horizontal  eye-position  signals  and  head-position 
signals.  Head  position  and  EOG  were  calibrated  frequently  during  the  examina¬ 
tion. 


Experimental  Procedures 

Each  subject  had  two  sessions  of  examination:  one  for  a  test  of  30°  gaze  shifts 
with  and  without  head  movements,  the  other  for  various  neuro-otological  exami¬ 
nations  including  determination  of  the  gain  of  the  VOR. 

For  the  former,  the  subject  stayed  at  a  low  level  of  illumination  for  at  least  20 
minutes  to  get  a  reasonably  stable  EOG  and  dark  adaptation.  The  subject  sat  in  a 
chair  1.8  meters  from  a  tangential  screen.  For  head  restraint,  the  head  was  fixed 
to  a  chin-and-forehead  holder  and  was  sometimes  held  by  an  examiner’s  hands. 

A  round,  red,  luminous  target  of  0.64°  in  visual  angle  was  projected  continu¬ 
ously  on  the  screen  and  moved  alternately  15°  right  and  left  from  the  center  at 
irregular  intervals  by  a  mirror  galvanometer.  The  subject  was  instructed  to  follow 
the  target  when  it  shifted.  In  this  procedure,  a  “triggered  mode  of  eye-head 
coordination”  usually  was  induced.,!> 

The  neuro-otological  examination  included  examinations  of  gaze  nystagmus, 
positional  and  positioning  nystagmus,  visual  suppression  of  the  vestibular  nystag¬ 
mus  induced  by  irrigation  of  2  ml  of  cold  water  (20°C)  to  the  external  auditory 
meatus  for  20  seconds,1'  pursuit  eye  movements,  and  optokinetic  nystagmus 
pattern  (OKP.)19  The  gain  of  the  VOR  (maximum  amplitude  of  eye  movement/ 
maximum  amplitude  of  chair  rotation)  was  determined  by  sinusoidally  rotating  a 
chair  to  which  the  head  was  fixed,  by  60°  at  0.25  Hz  in  complete  darkness. 
Findings  of  the  neuro-otological  examinations  are  summarized  in  Table  2. 


Data  Analysis 

Horizontal  gaze  to  both  directions  usually  was  analyzed.  When  a  subject  had 
an  asymmetry  of  gaze  dysmetria  in  frequency  and/or  amplitude,  the  gaze  to  the 
right  or  left— whichever  was  more  pathological— was  analyzed.  Thus,  21  to  107 
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samples  (mean,  49.9)  of  gaze  in  the  head-free  and  head-fixed  conditions  were 
analyzed  in  each  subject. 


Results 

Gaze  with  and  without  Head  Movements 

Figures  1  and  2  illustrate  gaze  with  and  without  head  movements  in  two 
patients  (Cases  1  and  10  in  Tables  1  and  2).  In  Figure  1  (Case  1),  the  patient 
frequently  made  hypermetric  gaze  at  the  end  of  the  initial  saccade  irrespective  of 
head  movement.  In  Figure  2  (Case  10),  the  patient  made  both  hypermetric  and 
hypometric  gaze  when  the  head  was  fixed;  with  head  movement,  gaze  accuracy 
appeared  to  be  increased. 


Table  2 


Summary  of  Neuro-Otological  Findings* 


Case 

Gaze 

Nystagmus 

Saccadic 

Dysmetria 

Abnor¬ 
mality 
of  Pursuit 

Abnor¬ 

mality 

ofOKP 

Abnor¬ 
mality 
of  VS 

Gain 
of  VOR 

1 

+ 

+  + 

+ 

+  + 

4- 

0.62 

2 

+  + 

+  + 

+ 

+  4- 

4-  4- 

0.14 

3 

+  + 

+  + 

+  + 

4-4- 

4- 

0.63 

4 

+  +  + 

+  + 

+  +  + 

+  +  + 

t 

0.46 

5 

- 

+  + 

-f 

+ 

4- 

0.38 

6 

+  + 

4- 

4-  4* 

4-  4- 

0.61 

7 

+  + 

+  + 

+ 

4-4- 

t 

0.36 

8 

+  + 

+  + 

4- 

4-4-4- 

4- 

0.48 

9 

+ 

+  + 

+ 

+  + 

4-4- 

0.42 

10 

+  + 

+  + 

+ 

4-4- 

4-4- 

0.44 

11 

+ 

+  + 

4- 

+  +  + 

4-4- 

0.81 

12 

+ 

+  + 

4-4- 

4-4-4- 

4- 

1.0 

13 

+  + 

+  + 

4-4- 

4-4-4- 

4-4- 

1.21 

14 

4* 

+  + 

4-  4-  + 

+  +  + 

4-4- 

1.0 

15 

+  + 

+  + 

+  4-  + 

+  +  + 

+  + 

1.55 

16 

+ 

+  + 

+ 

4- 

4-4- 

0.76 

*OKP:  optokinetic  pattern.  VS:  visual  suppression  of  caloric  nystagmus.  VOR:  vestibulo- 
ocular  reflex.  Degree  of  abnormality:  -  absent;  +  mild;  +  +  moderate;  +  +  +  severe. 
fCaloric  nystagmus  was  not  induced. 


The  frequency  histogram  of  the  amplitude  of  dysmetria,  defined  as  the 
amplitude  of  overshoot  and  undershoot  measured  from  the  level  of  accurate 
gaze,  of  those  two  patients  (Cases  1  and  10)  is  shown  in  Figure  3.  In  Case  1,  the 
frequency  of  occurrence  of  hypermetric  gaze  was  95.7%  with  head  movements 
and  96.6%  when  the  head  was  fixed.  The  mean  amplitude  of  hypermetria  was 
8.2"  ±  3.1°  with  the  head-free  and  8.3°  ±  3.6°  with  the  head-fixed  condition.  The 
frequency  of  occurrence  and  the  mean  amplitude  of  hypermetria  were  not 
statistically  different  between  the  head-free  and  the  head-fixed  condition.  In 
Case  10,  the  frequencies  of  occurrence  of  dysmetric,  hypermetric,  and  hypomet¬ 
ric  gaze  were  51.2%,  29.2%,  and  22.0%  respectively  with  head  movements,  and 
70.1%,  13.1%,  and  57.0%  respectively  without  head  movements.  The  mean 
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Figure  1.  Gaze  with  and  without  head  movements  of  a  patient  (Case  1).  In  this  and  the 
following  figure:  E,  eye  movement:  H,  head  movement;  G  (gaze)  represents  the  sum  of  E 
and  H;  and  T,  target  displacement.  Hypermetric  gaze  occurred  frequently  irrespective  of 
head  movements. 


amplitudes  of  hypermetria  and  hypometria  were  4.5°  ±  1.5°  and  12.1°  ±  9.3° 
respectively  with  head  movements,  and  5.2°  ±  1.7°  and  7.5°  ±  5.3°  respectively 
without  head  movements.  The  frequencies  of  occurrence  of  dysmetric  gaze  and 
hypometric  gaze  were  statistically  decreased  with  head  movements.  The  mean 
amplitude  of  hypermetria  did  not  differ  between  these  two  conditions.  On  the 
other  hand,  the  frequency  of  occurrence  of  hypermetria  and  the  mean  amplitude 
of  hypometria  were  statistically  increased  with  head  movements. 

In  each  patient,  the  frequency  of  occurrence  and  the  mean  amplitude  of 
dysmetria  were  compared  between  the  head-free  and  -fixed  condition  (Figure 
4).  The  results  of  the  statistical  analysis  of  this  comparison  are  given  in  Table  3. 


Figure  2.  Gaze  with  and  without  head  movements  of  a  patient  (Case  10).  Both  hypermet¬ 
ric  and  hypometric  gaze  occurred  when  the  head  was  fixed. 
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Figure  3.  The  frequency  histogram  of  the  amplitude  of  dysmetria.  The  abscissa  repre¬ 
sents  the  amplitude  of  dysmetria:  zero  represents  no  dysmetria,  positive  values  are 
hypermetria,  and  negative  values  are  hypometria.  In  Case  1,  the  frequency  of  occurrence 
and  the  amplitude  of  hypermetria  did  not  differ  between  the  head-free  and  the  head-fixed 
condition.  In  Case  10,  the  frequencies  of  occurrence  of  dysmetria  and  hypometria  were 
decreased  with  head  movements.  The  mean  amplitude  of  hypermetria  did  not  differ 
between  these  two  conditions. 


With  head  turning,  the  frequency  of  occurrence  of  dysmetria  was  decreased  in  8 
of  16  patients  in  comparison  with  that  in  the  head-fixed  condition.  The  frequen¬ 
cies  of  occurrence  of  hypermetria  and  hypometria  also  were  decreased  in  7  of  16 
patients  with  head  movements  (Figure  4A,  Table  3).  The  mean  amplitude  of 
hypermetria  did  not  differ  in  all  of  the  patients  between  the  head-free  and  the 
head-fixed  condition.  The  mean  amplitude  of  hypometria  also  did  not  differ  in  7 
of  15  patients  between  these  two  conditions  (Figure  4B,  Table  3). 


Table  3 


Gaze  Accuracy  under  the  Head-Free  Condition  in  Comparison  with  That  under 
the  Head-Fixed  Condition* 


Decreased! 

Unchanged! 

Increased! 

Frequency  of  Occurrence 

Dysmetria 

8/16 

6/16 

2/16 

Hypermetria 

7/16 

4/16 

5/16 

Hypometria 

7/16 

4/16 

5/16 

Amplitude  of  Dysmetria 

Hypermetria 

0/11 

11/11 

0/11 

Hypometria 

4/15 

7/15 

4/15 

*Gaze  accuracy  was  evaluated  at  the  end  of  the  initial  saccade.  The  amplitude  of 
dysmetria  was  the  amplitude  of  overshoot  and  undershoot  measured  from  the  level  of  the 
accurate  gaze  at  the  end  of  the  initial  saccade. 

tDecreased,  unchanged,  and  increased  indicate  that  the  frequency  of  occurrence  or  the 
amplitude  of  dysmetria  was  statistically  decreased,  unchanged,  or  increased  under  the 
head-free  condition  in  comparison  with  that  under  the  head-fixed  condition. 


I 

f 


Figure  4.  The  frequency  of  occurrence  (A)  and  the  mean  amplitude  (B)  of  dysmetria.  The 
"a"  side  represents  the  head-free  condition,  and  the  “b"  side  represents  the  head-fixed 
condition.  In  nearly  half  of  the  patients,  the  frequencies  of  occurrence  of  dysmetric, 
hypermetric,  and  hypometric  gaze  were  less  under  the  head-free  condition  than  under  the 
head-fixed  condition.  The  mean  amplitude  of  dysmetria  did  not  differ  between  these  two 
conditions. 
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gain  of  VOR 


Figure  5.  The  frequencies  of  occurrence  of  dysmetria  (A),  hypermetria  (B),  and  hypo- 
metria  (C)  vs.  the  gain  of  the  VOR.  In  this  and  the  following  figure,  the  shadow  represents 
the  mean  ±  1  SD  (0.45  ±  0.17)  of  normals  in  our  laboratory,  the  solid  circles  represent  the 
head-free  condition,  and  the  open  circles  represent  the  head-fixed  condition.  One  circie 
represents  one  patient.  The  gain  of  the  VOR  did  not  correlate  to  the  frequencies  of 
occurrence  of  dysmetric,  hypermetric,  or  hypometric  gaze  with  or  without  head  move¬ 
ments.  The  gain  of  the  VOR  also  did  not  correlate  to  the  difference  of  the  frequencies  of 
occurrence  between  the  head-free  and  head-fixed  conditions. 
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In  summary,  in  nearly  half  of  the  patients  with  chronic  cerebellar  lesions, 
head  movements  decreased  the  frequencies  of  occurrence  of  dysmetric,  hyper* 
metric,  and  hypometric  gaze,  but  head  movements  did  not  change  the  mean 
amplitude  of  dysmetria,  especially  that  of  hypermetria. 


The  Frequency  of  Occurrence  of  Dysmetric  Gaze  vs.  the  Gain  of  the  VOR 

Since  the  VOR  often  is  changed  in  patients  with  cerebellar  diseases  and  the 
head  movements  modify  the  saccadic  characteristics  in  eye-head  coordination, 
the  gain  of  the  VOR  was  measured  in  each  patient.  The  frequencies  of 
occurrence  of  dysmetric  gaze,  hypermetric  gaze,  and  hypometric  gaze  were 
evaluated  by  the  gain  of  the  VOR  (Figure  5).  Some  of  the  patients  showed  an 
increased  gain  of  the  VOR.  However,  the  gain  of  the  VOR  did  not  correlate  to  the 
frequencies  of  occurrence  of  dysmetric,  hypermetric,  and  hypometric  gaze  with 
or  without  head  movements  or  to  the  change  of  these  frequencies  of  occurrence 
by  head  movements. 


gain  of  VOR 


Figure  6.  The  mean  amplitudes  of  hypermetria  (A)  and  hypometria  (B)  vs.  the  gain  of  the 
VOR.  The  gain  of  the  VOR  did  not  correlate  to  the  mean  amplitude  of  dysmetria  with  or 
without  head  movements  or  to  the  change  of  the  mean  amplitude  of  dysmetria  by  head 
turning  in  comparison  to  that  without  head  movements. 
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The  amplitudes  of  hypermetria  and  hypometria  were  evaluated  by  the  gain  of 
the  VOR  (Figure  6).  The  gain  of  the  VOR  did  not  correlate  to  the  mean 
amplitudes  of  hypermetria  and  hypometria  with  or  without  head  movements  or 
to  the  change  of  mean  amplitudes  of  hypermetria  and  hypometria  by  head 
turning. 

In  summary,  the  gain  of  the  VOR  did  not  affect  the  gaze  dysmetria  either  in 
frequency  of  occurrence  or  amplitude. 


Discussion 

It  was  shown  in  eye-head  coordination  in  monkey  that  saccadic  characteris¬ 
tics  were  changed  by  head  movements.6  It  also  was  shown  that  this  change  was 
not  the  result  of  the  change  of  the  central  saccade  program  hut  was  the  result  of 
modification  of  the  programmed  saccade  by  head  turning.  This  modification  of 
saccade  was  thought  to  occur  through  the  negative  vestibulo-ocular  feedback.6 

When  the  head  was  immobilized,  saccadic  dysmetria  frequently  was 
observed  in  patients  with  cerebellar  lesions.9-12  Vermal  and  paravermal  lesions  of 
the  posterior  lobe  of  the  cerebellum  caused  saccadic  dysmetria  in  experimental 
animals.3121  Saccadic  eye  movement  is  thought  to  be  under  predictive  control, 
because  there  is  no  direct  feedback  connection  from  retinal  error  signals  or 
eye-position  signals  to  the  oculomotor  efferents  and  the  saccade  is  a  very  fast 
motor  phenomenon.  Thus,  saccadic  dysmetria  with  the  head-fixed  condition  is 
thought  to  be  due  to  a  disturbance  of  the  predictive  control  of  saccades. 

On  the  other  hand,  change  of  the  VOR  has  been  observed  in  patients  with 
cerebellar  lesions.11”-15  It  has  been  demonstrated  in  experimental  animals  that 
the  cerebellum  contributes  to  adaptive  gain  control  of  the  VOR.22-26  Further,  gaze 
dysmetria  was  observed  during  eye  and  head  movements  in  patients  with 
cerebellar  lesions  and  in  monkeys  with  vermal  and  paravermal  lesions  of  the 
cerebellum.7  M5-21  The  question  is  whether  an  abnormal  gain  of  the  VOR  causes 
disturbance  of  the  corrective  action  of  saccades  by  head  turning. 

We  have  shown  that  head  movements  improved  the  frequency  of  occurrence 
of  gaze  dysmetria  in  nearly  half  of  the  patients  but  not  the  mean  amplitude  of 
dysmetria,  and  that  the  gain  of  the  VOR  did  not  correlate  to  gaze  dysmetria  in 
either  frequency  or  amplitude.  The  saccade  associated  with  head  movements  is 
thought  to  be  more  reflexive  in  nature  and  phylogenetically  older  than  the 
voluntary  saccade  without  head  movements.26  Our  results  suggest  that  it  is  easier 
to  program  gaze  utilizing  the  more  reflexive  system  than  to  program  gaze  without 
head  movements,  and  that  the  abnormal  VOR  does  not  change  the  modification 
of  saccade. 

It  is  concluded  that  the  gain  of  the  VOR  does  not  affect  gaze  accuracy  at  the 
end  of  the  initial  saccade,  and  that  the  head-free  condition  improves  the  gaze  but 
not  through  the  vestibulo-ocular  feedback.  Dysmetric  gaze  in  patients  with 
cerebellar  lesions  is  thought  to  be  due  not  to  the  disturbance  of  modification  of 
saccade  by  the  VOR,  but  mainly  to  the  disturbance  of  the  central  programming  of 
gaze. 
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NYSTAGMUS,  GAZE  SHIFT,  AND  SELF-MOTION 
PERCEPTION  DURING  SINUSOIDAL 
HEAD  AND  NECK  ROTATION 


J.  M,  B.  V.  de  Jong,  W.  Bles,*  and  G.  Bovenkerk 

Laboratory  of  Experimental  Neurology 
University  of  Amsterdam 
1054  EG  Amsterdam,  the  Netherlands 

Introduction 

In  man,  B4r6ny’s  question  whether  disordered  neck  reflexes  may  elicit 
vertigo  and  nystagmus  is  still  open.'  Clinically,  an  answer  is  urgently  needed, 
since  tenacious  dizziness  is  a  frequent  symptom  following  disorders  of  the  neck 
and  a  major  source  of  disability  in  laborers  whose  jobs  involve  much  work  above 
shoulder  level.  Our  current  lack  of  diagnostic  criteria  leads  to  the  assessment  of 
cervical  vertigo  with  a  degree  of  license  that  disturbs  all  concerned.  Since 
diseases  of  the  spine  mostly  affect  both  the  cervical  proprioceptors  and  the 
vertebral  neurovascular  bundles — comprising  the  vertebral  artery,  vein,  and 
sympathetic  plexus— clinical  studies  have  provided  little  help  in  the  attempt  to 
distinguish  neck  afferent  illness  from  vascular  brain -stem  disease. 

This  study  of  eye  movements  and  perceived  horizontal  head  rotation  in 
healthy  medical  students  will  let  us  compare  the  responses  to  sinusoidal  visual, 
vestibular,  and  cervical  stimuli.  We  will  demonstrate  that  our  healthy  adult 
subjects  have  strong  sensations  of  horizontal  head  rotation  and  weak  ocular 
movements  upon  neck  afferent  stimulation.  This  finding  corresponds  with  a 
similar  apparent  discrepancy  between  marked  dizziness  and  minimal  ocular 
signs  in  many  sufferers  from  neck  disease  that  puzzles  the  clinician.  We  will 
confirm  Frenzel's  finding  that  a  much  greater  horizontal  gaze  shift— Schlagfeld- 
verlagerung— distinguishes  the  normal  cervical  from  the  normal  labyrinthine 
response.2,3  Since  Guettich’s  report  of  1939,  several  investigators  have  paid  little 
or  no  attention  to  gaze  shift.4  7  Finally,  we  will  show  that  in  man  as  in  various 
other  species,  the  cervico-ocular  signal  is  added  to  the  vestibulo-ocular 
response. 


Methods 

Using  a  rotating  chair  and  drum  combination  (Toennies,  Freiburg  im  Br„ 
Federal  Republic  of  Germany),  we  examined  26  healthy  medical  students  of 
either  sex,  aged  22  to  25.  Chair  and  drum  could  be  rotated  separately  or  together 
in  either  direction;  we  recorded  their  velocities  continuously.  A  photocell 
stripe-detection  system  mounted  on  the  chair  measured  the  relative  chair- 
to-drum  velocity.  The  inside  of  the  optokinetic  drum,  4>  1.5  m,  was  painted  with 
vertical  black  and  white  stripes,  each  subtending  a  visual  angle  of  7.5°.  We  used 
sinusoidal  movements  with  a  frequency  of  0.05  Hz  and  an  amplitude  of  90°  peak 
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to  peak  (p-p),  which  means  an  angular  velocity  of  14.1°/second.  At  frequencies 
over  0.05  Hz,  the  mass  of  the  drum  distorted  the  sinusoidal  shape  of  the  stimuli. 

With  the  aid  of  skin  electrodes,  we  recorded  horizontal  and  vertical  eye 
movements  by  electro-oculography  (EOG),  using  d.c.  amplification.  In  each 
subject  we  tested  seven  stimulus  conditions: 


1.  Vestibular.  Subject  seated  with  his  head  supported  by  a  rest  mounted  on  the 
back  of  the  chair.  Rotation  in  darkness. 

2.  Cervical.  Subject  seated  with  his  head  fixed  by  a  clamp  attached  to  the 
ceiling  of  the  optokinetic  drum.  Rotation  in  darkness  of  the  body  relative  to  the 
fixed  head.  Stuidy  mechanical  constraints  prevented  the  relative  head-to-body 
angle  to  exceed  45°. 

3.  Vestibular  plus  cervical.  Subject  situated  as  during  the  cervical  condition. 
Rotation  of  the  clamp  relative  to  the  fixed  chair  in  darkness. 


Vestibular,  cervical,  and  vestibular-plus-cervical  responses  are  shown  in  part 
A  of  Figures  1, 2, 3,  and  5. 


4.  Visual.  Subject  seated  in  stationary  chair.  Full-field  optokinetic  stimulation 
by  drum  rotation. 

5.  Vestibular  plus  visual.  Rotation  of  the  chair  inside  the  stationary,  internally 
lighted  drum. 

Vestibular,  visual,  and  vestibular-plus-visual  responses  are  shown  in  part  B  of 
Figures  1. 2, 3.  and  5. 


6.  Cervical  with  visual  fixation.  Subject  tested  with  his  head  fixed  by  a  clamp. 
Internal  drum  light  on.  Rotation  of  the  chair  while  the  subject  fixated  a  light  spot 
on  the  mantle  of  the  drum.  Spot  0  5  mm. 

7.  Vestibular  plus  cervical  with  visual  fixation.  Subject  seated  in  the  chair 
with  his  head  fixed  by  the  clamp.  Internal  drum  light  on.  Rotation  of  the 
drum— to  which  the  clamp  was  attached— while  the  subject  fixated  the  light  spot 
on  the  mantle  of  the  drum. 


Since  conditions  6  and  7  never  induced  systematic  EOG  deviations  from  a 
straight  line  of  more  than  1°  p-p,  we  have  excluded  the  possibility  of  artifacts 
induced  by  the  head  clamp.  We  instructed  our  subjects  to  signal  perceived  head 
movement  by  switching  a  joystick  mounted  on  an  armrest  of  the  chair.  Since 
deviation  of  the  stick  to  the  right  (R)  meant  perceived  head  motion  to  the  right, 
stick  to  the  left  (L)  meant  motion  to  the  left,  and  stick  vertical  meant  no  head 
motion  perceived,  we  obtained  discrete  data  that  were  given  the  values  of  +1, 
-1,  and  0  respectively. 

For  analysis  we  fed  EOG,  velocity,  and  head-movement  signals  into  a 
strip-chart  recorder  (Siemens  EM  81.80)  and  stored  them  on  magnetic  tape 
(Philips  Analog  7  recorder).  In  each  experiment,  we  took  the  responses  to  the  first 
two  usable  sinusoids  for  independent  manual  and  computer  analysis.  Manually, 
we  determined  the  mean  (if)  maximal  gaze  shift  and  nystagmus  slow-phase 
velocity  of  all  stimulation  modes.  We  will  give  these  values  plus  or  minus  one 
standard  deviation  (SD).  For  analysis  on  a  PDP-8 1  computer  system,  we  sampled 
the  data  at  10  Hz  and  calculated  the  cumulative  eye  position,  skipping  across  fast 
nystagmus  beats  and  artifacts  on  the  experimenter’s  command,  by  extrapolating 
over  die  last  15  samples  (1.5  seconds).  We  subjected  the  differentiated  cumulative 
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eye  position  to  Fourier  analysis  at  0.05  Hz  and  obtained  the  mean  amplitude  and 
phase  of  the  nystagmus  slow-phase  velocities.  Fourier  analysis  of  the  raw  data  at 
0.05  Hz  yielded  the  mean  amplitude  and  phase  of  the  gaze  shifts. 

By  plotting  our  perceived  head  rotation  values  against  one  stimulus  cycle 
(Figure  5),  we  displayed  cumulative  circularvection  (CV).  In  this  figure,  we 
deleted  the  negative  sign  originally  allotted  to  left  CV.  From  the  individual  CV 
values,  we  calculated  the  x  and  SD  of  the  phase  lag  (Figure  5). 

During  cervical,  vestibular,  and  vestibular-plus-visual  stimulation,  we 
expressed  the  average  stimulus-to-response  phase  difference  with  respect  to 
chair  velocity.  We  calculated  the  phase  difference  for  the  visual  and  the 
vestibular-plus-cervical  conditions  with  respect  to  drum  velocity.  This  means 
that  the  interacting  vestibular  and  cervical  stimuli  have  a  phase  difference  of 
180°  during  the  vestibular-plus-cervical  condition.  Similarly,  the  vestibular  and 
visual  stimuli  have  a  phase  difference  of  180°  during  the  vestibular-plus-visual 
condition.  For  the  reader's  convenience,  these  phase  lags  have  been  artificially 
aligned  in  Figure  3,  shifting  the  vestibular,  vestibular-plus-cervical,  and  vestibu¬ 
lar-plus-visual  responses  over  180°.  In  Figures  1,  2,  and  5,  we  have  shifted  the 
cervical  and  visual  responses  over  180°. 


Results 

Gaze  Shift  (Schlagfeldverlagerung) 

Neck  afferent  stimuli  gave  a  pronounced  horizontal  gaze  shift,  the  resultant  of 
several  large  anticompensatory  saccades  (FIGURE  1).  Manually,  we  found  an 
average  maximal  cervical  gaze  shift  of  25.0  ±  18.3°,  and  a  vestibular  one  of  10.5  ± 

9.9°.  The  computer  results  expressed  relative  to  orbital  midposition  were  exactly 
half  the  size  of  the  manual  values,  measured  p-p.  The  average  visual  and 
cervical  gaze  shifts  were  equal  and  did  not  differ  statistically  from  the  vestibular- 
plus-visual  and  vestibular-plus-cervical  gaze  shifts  (Figure  2).  | 

The  phase  shifts  of  the  vestibular-plus-visual  and  vestibular-plus-cervical 
responses  were  about  intermediate  to  the  amounts  of  shift  induced  by  visual,  ] 

vestibular,  and  cervical  stimuli  separately  (Figure  2).  1 


Nystagmus 

Besides  anticompensatory  saccades,  neck  afferent  stimuli  provoked  slow 
nystagmus  beats  with  a  widely  variable  phase  lag  (Figure  3).  Between  90  and 
180°,  saccades  and  nystagmus  slow  phases  of  the  cervical  response  in  Figure  1 
beat  in  the  same  anticompensatory  direction. 

We  found  that  cervical  and  vestibular  responses  add  up,  since  the  peak 
cervical  slow-phase  velocity  was  5.0  ±  3.6,  the  vestibular  was  9.4  ±  2.8,  and  the 
vestibular-plus-cervical  was  12.8  ±  3.3°/second.  The  computed  cervical  and 
vestibular  maximum  slow-phase  velocities  added  up  as  well  (Figure  3A). 

The  manually  determined  maximal  slow-phase  velocities  of  our  responses 
were  visual,  15.1  ±  2.9;  vestibular,  9.4  ±  2.8;  vestibular-plus-visual,  16.1  ±  3.0;  and 
vestibular-plus-cervical,  12.8  ±  3.3°/second.  Division  of  these  maximal  response 
velocities  by  the  uniform  peak  stimulus  velocity  of  14.1°/second  yielded  the 
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Ficoke  4.  Correlogram  of  manually  versus  machine  determined  nystagmus  slow-phase 
velocities.  Note  the  somewhat  higher  values  found  manually. 


following  values  for  gain:  visual,  1.1  ±  0.2;  vestibular,  0.5  ±  0.2;  cervical,  0.3  ±  0.2; 
vestibular-plus-visual,  1.1  ±  0.2;  and  vestibular-plus-cervical,  0.9  ±  0.2.  Since  we 
manually  measured  peak  values,  whereas  the  computer  fitted  a  sinus-shaped 
curve  to  the  response,  the  manual  values  were  somewhat  higher.  Otherwise  the 
manual  and  computer-processed  results  agreed  well  (Figure  4). 


Horizontal  Circularvection 

Unexpectedly,  we  found  that  neck  afferent  stimuli  induced  circularvection 
more  frequently  than  did  full-field  optokinetic  movement.  Out  of  52  (100%) 
stimulus  cycles  (2  per  subject)  studied  for  each  condition,  49  (95%)  vestibular- 
plus-cervical,  47  (90%)  vestibular-plus-visual,  47  (90%)  vestibular,  36  (70%) 
cervical,  and  only  25  (49%)  optokinetic  cycles  caused  horizontal  circularvection. 
During  the  condition  of  cervical  stimulation  with  visual  fixation,  CV  was 
reported  in  13.5  (26%)  of  the  cycles.  The  phase  of  the  vestibular-plus-cervical 
vection  had  moved  to  about  halfway  between  the  phase  shifts  of  the  vestibular 
and  the  cervical  vections  separately  (Figure  5A).  The  vestibular,  visual,  and 
vestibular-plus-visual  cumulative  responses  had  the  same  phase  lag  (Figure  5B). 
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Discussion 

The  main  new  finding  of  this  study  is  that  circularvection  occurs  more  often 
during  cervical  than  during  full-field  optokinetic  stimulation,  whereas  the  gain  of 
the  cervico-ocular  loop  is  much  smaller  than  the  optokinetic  gain.  Even  during 
cervical  stimulation  with  visual  fixation,  our  subjects  reported  CV  in  a  quarter  of 
the  cycles.  This  unexpected  discrepancy  between  strong  circularvection  and 
weak  eye  movements  in  healthy  students  corresponds  with  a  similar  contrast 
between  marked  dizziness  and  minimal  ocular  signs  in  patients  with  neck 
symptoms. 

Secondly,  our  data  confirm  Frenzel's  discovery  that  a  greater  gaze  shift 
distinguishes  the  normal  cervical  from  the  normal  labyrinthine  response  and 
concur  with  his  explanation  that  the  anticompensatory  cervical  gaze  shift  facili¬ 
tates  visual  orientation  during  active  head  movements.2,3  Since  Melvill  Jones  has 
found  that  the  vestibulo-ocular  reflexes  drive  the  eyes  out  of  orbital  midposition 
by  large  anticompensatory  saccades  only  at  high  head  velocities,*  the  cervico- 
ocular  loop  could  well  do  the  same  during  slower  head  motions.  Technical 
limitations  of  our  equipment,  however,  prevented  us  from  testing  this  idea. 

As  first  noted  by  Guettich,  who  observed  freely  moving  sharks  in  the  marine 
aquarium  at  Heligoland,  eye  movements  are  anticompensatory  during  active  and 
compensatory  during  passive  head  movements.4  He  added  that  compensatory 
movements  from  the  neck  should  have  great  functional  significance  in  birds  and 
fish,  whose  bodies  frequently  are  jolted  by  sudden  currents  of  air  or  water.  This 
idea  is  illustrated  by  Claude  Bernard’s  observation  that  a  finch  could  not  fly  after 
transection  of  its  neck  muscles  and  had  to  move  about  by  walking  or  hopping.9 

In  10  patients,  nearly  or  entirely  devoid  of  labyrinthine  function,  Frenzel 
found  compensatory  slow  phases  and  anticompensatory  saccades  upon  neck 
rotation,  as  Magnus,  Guettich,  and  Peterson  et  al.  have  noted  in  several  other 
species.3,4,10,11  In  our  subjects,  as  in  those  of  Takemori  and  Suzuki,6  however,  the 
phase  of  the  slow  eye  movements  varied  considerably  with  respect  to  the 
stimulus.  Our  students  were  normal  and  healthy,  but  we  cannot  decide  whether 
they  also  were  normal  in  the  sense  of  meeting  a  standard  of  good  function.  Thus 
we  may  conclude  no  more  than  that  our  results  provide  clinically  useful  control 
values. 

Thirdly,  we  have  found  that  in  man,  as  in  various  other  species,10,11  cervical 
slow  phases  are  added  to  the  vestibulo-ocular  signal. 

Clinically,  our  study  implies  that  ocular  signs  may  well  be  a  poor  measure  of 
dizziness  in  cervical  syndromes. 


Summary 

Report  on  eye  movements  and  perceived  horizontal  head  rotation  in  26 
healthy  students  during  sinusoidal  vestibular,  visual,  cervical,  congruent  vestibu¬ 
lar-plus-visual,  or  vestibular-plus-cervical  stimulation.  Circularvection  occurred 
more  often  during  neck  afferent  than  during  full-field  optokinetic  stimuli.  In 
contrast,  the  cervico-ocular  response  had  a  low  average  velocity.  As  first  noted  by 
Frenzel  (1928),  a  greater  gaze  shift  distinguished  the  normal  cervical  from  the 
normal  labyrinthine  response.  The  cervico-ocular  and  vestibulo-ocular 
responses  were  found  to  add  up. 
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Clinically,  the  results  imply  that  ocular  movements  may  be  a  poor  measure  of 
dizziness  in  cervical  syndromes. 
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Introduction 

Lesions  in  the  lateral  medulla  produce  a  unique  disorder  of  posture  known  as 
lateropulsion.1'2  Patients  with  this  disorder  describe  a  sensation  of  being  pulled 
toward  the  side  of  their  lesion  as  if  an  external  force  were  acting  upon  their  body. 
The  eyes  also  may  be  pulled  to  the  same  side.3'5  Latropulsion  most  commonly  is 
caused  by  infarction  of  the  lateral  medulla  (Wallenberg’s  syndrome)  but  also  can 
result  from  tumors  and  demyelination  in  the  same  area.5  It  invariably  is  accom¬ 
panied  by  other  signs  localized  to  the  lateral  medulla.6  These  include  (1) 
ipsilateral  loss  of  pain  and  temperature  sensation  of  the  face,  due  to  involvement 
of  the  descending  nucleus  and  tract  of  the  Vth  nerve;  (2)  contralateral  loss  of  pain 
and  temperature  sensation  in  the  trunk  and  limbs  from  involvement  of  the 
spinothalamic  tract;  (3)  ipsilateral  Homer’s  syndrome  from  interruption  of 
descending  sympathetic  fibers;  (4)  dysarthria  and  dysphagia  from  weakness  of 
the  palate,  pharynx,  and  larynx  secondary  to  involvement  of  the  nucleus 
ambiguus;  (5)  ataxia  of  the  ipsilateral  limbs  due  to  involvement  of  the  inferior 
cerebellar  peduncle  and  cerebellar  hemisphere;  and  (6)  vertigo  and  nystagmus 
from  involvement  of  the  descending  and  medial  vestibular  nuclei  and  their 
afferent  and  efferent  pathways. 

Hagstrom  et  al.  were  the  first  investigators  to  study  the  tonic  conjugate 
deviation  of  the  eyes  toward  the  side  of  a  lateral  medullary  infarction.3  When 
fixation  was  blocked  with  eyelid  closure  or  dark  opaque  contact  lenses,  the  eyes 
deviated  tonically  toward  the  side  of  the  lesion.  The  patient  was  unaware  of  this 
deviation  and  had  to  be  instructed  to  look  far  to  the  opposite  side  in  order  to  bring 
the  eyes  back  to  the  mid-position.  This  conjugate  deviation  of  the  eyes  was 
unchanged  two  years  after  the  infarction.  Kommerell  and  Hoyt  recorded  eye 
movements  in  a  similar  patient  with  Wallenberg's  syndrome  and  observed  a 
consistent  asymmetry  in  the  amplitude  of  voluntary  and  involuntary  saccades.4 
Horizontal  saccades  were  hypermetric  toward  the  side  of  the  lesion  and  hypo- 
metric  to  the  opposite  side.  Vertical  saccades  were  deflected  toward  the  side  of 
the  lesion  by  an  aberrant  horizontal  component.  The  authors  postulated  that  a 
“lateral  pulse”  in  the  direction  of  the  infarct  was  added  to  each  fast  eye 
movement.  Since  their  patient  also  was  unaware  of  the  tonic  deviation  of  the 
eyes  toward  the  side  of  the  lesion,  they  proposed  that  a  bias  was  added  to  the 
oculomotor  output  just  before  the  “prenuclear  gaze  mechanism.” 

To  evaluate  further  the  nature  of  lateropulsion  and  to  study  its  effect  on  each 
oculomotor  subsystem,  we  recorded  eye  movements  in  six  patients  with  Wallen- 


*This  study  was  supported  by  National  Institutes  of  Health  Grant  NS  09823. 
tDepartment  of  Neurology,  Reed  Neurological  Research  Center. 

^Department  of  Ophthalmology,  )ules  Stein  Eye  Institute. 

§Department  of  Surgery,  Division  of  Head  and  Neck  Surgery  (Otolaryngology). 

600 

0077-8923/81/0374-0600  *01.75/0©  1981.  NYAS 


Baloh  et  al.:  Wallenberg’s  Syndrome 


601 


berg’s  syndrome.  Our  data  indicate  two  distinct  types  of  oculomotor  bias  in  these 
patients— a  velocity  bias  and  a  position  bias.  The  former  resulted  in  spontaneous 
nystagmus  and  asymmetric  slow  eye  movements  (vestibular,  pursuit,  and  optoki¬ 
netic),  while  the  latter  caused  a  marked  asymmetry  in  fast  eye  movements 
(saccades).  Both  resulted  in  deviation  of  the  eyes  toward  the  side  of  the  infarct. 
Several  differences  between  these  two  types  of  bias  suggested  that  they  resulted 
from  different  pathophysiologic  mechanisms. 


Case  Material 

Six  patients  with  a  clinical  diagnosis  of  infarction  of  the  lateral  medulla 
(Wallenberg’s  syndrome)  were  selected  for  quantitative  eye-movement  analysis. 
Their  clinical  symptoms  and  signs  are  summarized  in  Table  1.  The  history  was 
similar  in  each  case  (for  detailed  histories  on  patients  1-3,  see  Reference  7).  All 
patients  complained  of  the  acute  onset  of  vertigo,  nausea,  and  vomiting  and 
reported  a  sensation  of  being  pulled  toward  the  side  of  their  lesion  (lateropul- 
sion).  They  also  reported  that  their  eyes  were  being  pulled  in  the  same  direction. 
Oscillopsia,  diplopia,  and  dysphagia  were  reported  less  consistently.  On  neuro¬ 
logic  examination,  all  six  patients  exhibited  spontaneous  nystagmus,  loss  of  pain 
and  temperature  sensation  on  the  ipsilateral  face,  and  ataxia  of  the  ipsilateral 
extremities.  An  ipsilateral  Horner's  syndrome  was  present  in  five  of  the  six,  and 
three  of  the  six  had  a  skew  deviation  of  the  eyes  and  loss  of  pain  and  temperature 
sensation  in  the  contralateral  extremities. 

Past  medical  history  revealed  prior  evidence  of  vascular  disease  in  only  two 
patients.  Patient  2  previously  had  undergone  bypass  surgery  for  coronary  artery 
disease,  and  patient  6  had  long-standing  diabetes  mellitus  and  hypertension  and 
required  a  below-knee  amputation  for  a  diabetic  foot  ulcer.  Patient  3  had  been 
taking  birth  control  pills  for  one  year  prior  to  the  onset  of  her  acute  neurologic 
symptoms.  The  other  three  young  patients  had  no  identifiable  predisposing 
factors. 

As  expected,  laboratory  studies  were  of  little  help  in  establishing  a  diagnosis. 
All  patients  had  normal  computed  tomography  (CT)  scans.  Lateral  medullary 
infarcts  are  too  small  to  show  up  on  CT  scans,  but  cerebellar  infarction  often  can 
be  identified.  We  therefore  concluded  that  either  the  infarction  did  not  involve 
the  cerebellum  or  the  involvement  was  minimal.  Spinal  fluid  was  remarkable  in 
only  one  patient.  Patient  1  had  nine  lymphocytes/mm3  and  a  protein  concentra¬ 
tion  of  54  mg/dl  (normal  <  45  mg/dl).  These  findings  raised  the  possibility  of  a 
diagnosis  of  focal  encephalitis  or  an  initial  bout  of  demyelinating  disease,  but 
there  were  no  other  symptoms  and  signs  of  infection  or  multiple  sclerosis  and  the 
cerebrospinal  fluid  gamma  globulin  concentration  was  normal. 

All  patients  gradually  improved  after  the  acute  onset  of  symptoms.  However, 
the  rate  of  improvement  varied  greatly.  In  all  patients,  the  spontaneous  nystag¬ 
mus  and  their  complaint  of  lateropulsion  were  most  pronounced  when  they  were 
first  examined  and  progressively  decreased  with  each  subsequent  examination. 
In  five  of  sue  patients,  the  spontaneous  nystagmus  with  fixation  had  disappeared 
by  the  time  of  discharge  from  the  hospital.  Patients  1  and  2  returned  to  normal 
activity  by  one  month  after  the  onset  of  their  acute  neurologic  deficit.  The 
remaining  four  had  a  more  protracted  course  requiring  prolonged  convales¬ 
cence. 


602 


Annals  New  York  Academy  of  Sciences 


BalohetaJ.:  Wallenberg’s  Syndrome  603 

Methods 

The  patients  were  tested  at  between  2  and  10  days  after  the  onset  of 
symptoms,  based  primarily  on  when  their  clinical  condition  was  stable  enough 
for  diem  to  cooperate  with  the  testing  procedure.  Eye  movements  were  recorded 
with  d.c.  electro-oculography  (EOG)  and  on  14-inch  videotape.  Skin  electrodes 
were  placed  medially  and  laterally  to  each  eye  and  above  and  below  the  left  eye 
to  record  bilateral  horizontal  and  unilateral  vertical  monocular  eye  movements 
respectively.  Details  of  the  recording  system  are  reported  elsewhere.' 

Fixation  stability  was  evaluated  by  having  the  patient  fixate  on  a  target  in  the 
center  of  the  visual  field,  30°  to  the  right  and  left  and  30°  up  and  down.  While  the 
patient  fixated  each  target,  the  lights  were  turned  on  and  off  several  times  to 
assess  the  effects  of  loss  of  fixation  on  spontaneous  nystagmus  and  eye  position. 
Horizontal  saccades  and  smooth  pursuit  were  induced  by  having  the  patient 
track  a  laser  dot  projected  onto  a  screen  directly  in  front  of  the  patient.  For 
saccades,  the  target  moved  in  a  stepwise  fashion  of  random  amplitude  and 
random  interval  between  jumps.  For  smooth  pursuit,  the  target  moved  in  a 
sinusoidal  pattern  (frequency  0.2  Hz,  peak  velocity  22.5°/second).  Vertical 
saccades  were  induced  by  having  the  patient  refixate  between  two  targets  15° 
above  and  below  the  mid-position.  Vertical  smooth  pursuit  was  not  tested. 

Horizontal  optokinetic  nystagmus  (OKN]  was  induced  with  the  patient  seated 
inside  a  cloth  drum  whose  interior  consisted  of  alternating  white  and  black 
vertical  stripes  (15°  apart].  This  drum  produced  stimulation  of  the  entire  visual 
field.  The  drum  was  rotated  at  a  constant  velocity  of  30°/second  and  in  a 
sinusoidal  pattern  (0.05  Hz,  60°/second  peak  velocity).  After  one  minute  of 
constant-velocity  stimulation,  the  lights  were  turned  off  and  optokinetic  after¬ 
nystagmus  (OKAN)  was  recorded.  Patients  were  instructed  to  stare  at  the  white 
stripes  as  they  passed  directly  in  front  of  them.  Sinusoidal  rotatory  testing  (0.05 
Hz,  60°/second  peak  velocity)  was  performed  (1)  in  the  dark  (vestibulo-ocular 
reflex,  or  VOR),  (2)  in  the  light  with  a  fixed  surround  (visual  vestibulo-ocular 
reflex,  or  WOR),  and  (3)  in  the  dark  with  a  small  fixation  point  attached  to  the 
rotatory  chair  directly  in  front  of  the  patient  (VOR  with  fixation  suppression,  or 
VOR-FIX).  In  the  VOR  test,  the  vestibular  system  is  tested  without  visual 
influence,  while  in  the  WOR  test,  the  vestibular  and  optokinetic  systems  are 
stimulated  in  a  synergistic  fashion  and  in  the  VOR-FIX  test,  the  fixation  pursuit 
system  is  used  to  suppress  the  VOR. 

Complete  details  of  the  on-line  digital  computer  analysis  techniques  are 
reported  elsewhere*  In  brief,  the  eye-position  signal  (digitized  at  a  rate  of  200 
samples/second)  was  differentiated  to  yield  an  instantaneous  velocity  record. 
Saccadic  eye  movements  were  identified  based  on  their  characteristic  velocity 
profile.  For  smooth-pursuit  and  nystagmus  data,  the  gain  (peak  eye  velocity/ peak 
target,  drum,  or  head  velocity)  was  calculated  after  saccades  were  identified  and 
removed  from  the  traces. 


Results 

Eye  Deviation  with  and  without  Fixation 

When  patients  were  sitting  quietly  without  specific  instructions,  each  patient’s 
eyes  deviated  toward  the  side  of  the  lesion.  However,  when  asked  to  fixate  on  a 
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target  in  the  mid-position,  all  were  able  to  maintain  gaze  at  the  mid-position  for 
brief  periods.  Furthermore,  each  patient  had  a  full  range  of  voluntary  movement 
in  all  directions  by  each  eye.  A  skew  deviation  (ipsilateral  eye  hypo)  was 
maintained  in  all  gaze  positions  in  three  patients. 

The  eye  deviation  toward  the  side  of  the  lesion  had  two  distinct  features,  and 
both  are  illustrated  in  Figure  1.  A  slow  ramp  movement  toward  the  side  of  the 
lesion  was  interrupted  regularly  by  corrective  saccades  back  toward  the 
attempted  fixation  point  ji.e.,  spontaneous  nystagmus).  These  corrective  saccades 
often  were  too  small,  and  the  average  eye  position  deviated  progressively  in  the 
direction  of  the  slow  phase,  particularly  if  the  patient  was  inattentive.  In 
addition,  with  each  eye  blink,  a  horizontal  saccade  toward  the  side  of  the  lesion 
was  induced  in  four  of  six  patients. 

The  mid-position  spontaneous  nystagmus  was  rotatory  with  a  larger  horizon¬ 
tal  component  (i.e.,  direction  of  fast  phase)  toward  the  intact  side  in  all  patients 
and  with  a  lesser  vertical  component  upward  in  five  patients  and  downward  in 
the  sixth.  In  three  patients,  horizontal  gaze  deviation  (30°)  toward  the  side  of  the 
lesion  changed  the  direction  of  the  nystagmus  so  that  the  eyes  now  beat  toward 
that  side.  In  the  other  three  patients,  the  spontaneous  nystagmus  beat  away  from 
the  side  of  the  lesion  in  all  gaze  positions. 

When  fixation  suddenly  was  inhibited  by  turning  off  the  lights,  the  eye 
deviation  toward  the  side  of  the  infarct  was  enhanced  in  all  six  patients  (Figure 
2).  In  four  of  six,  the  eyes  also  deviated  downward.  The  deviation  was  achieved 
by  a  slow  or  fast  eye  movement  or  a  combination  of  the  two.  The  average  eye 
position  in  the  dark  varied  between  10  and  25°  toward  the  side  of  the  lesion  and  0 
and  15°  downward.  The  patients  were  unaware  of  this  deviation,  and  it 
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Figure  1.  Spontaneous  eye  deviation  toward  the  side  of  the  lesion  in  patient  3  (a)  and 
patient  4  (b).  The  patients  were  instructed  to  fixate  on  a  target  in  the  mid-position.  Upper 
trace,  vertical;  lower  trace,  horizontal. 


remained  even  when  they  were  urged  to  look  straight  ahead.  In  three  of  the  six 
patients,  the  deviation  toward  the  side  of  the  lesion  was  maintained  despite  the 
fact  that  the  horizontal  component  of  their  spontaneous  nystagmus  changed 
direction  in  the  dark  (e.g.,  patient  3.  Figure  2).  In  these  three  patients,  the  slow 
phase  now  took  the  eyes  away  from  the  side  of  the  lesion.  Of  note,  these  were  the 
same  three  patients  whose  spontaneous  nystagmus  changed  direction  with 
voluntary  gaze  toward  the  side  of  their  lesion. 


Voluntary  Saccadic  Eye  Movements 

The  amplitude  of  horizontal  saccades  consistently  was  asymmetric  in  all  six 
patients  (Figure  3),  Saccades  directed  away  from  the  side  of  the  lesion  undershot 
the  target,  while  those  directed  toward  the  side  of  the  lesion  either  overshot  or 
reached  the  target  in  a  single  jump.  In  the  former  instance,  multiple  small- 
amplitude  saccades  were  needed  to  reach  the  target,  often  taking  more  than  a 
second  for  a  30°  refixation.  The  interval  between  these  repetitive  saccades 
frequently  was  less  than  100  mseconds.  Attempts  at  purely  vertical  refixations 
resulted  in  diagonal  saccades  as  though  the  eyes  were  deflected  toward  the  side 
of  the  lesion  (Figure  4).  This  horizontal  deflection  was  most  prominent  with 
upward  saccades  and  in  two  patients  occurred  only  with  upward  saccades.  After 
the  deflection,  the  eyes  returned  to  the  midline  with  a  series  of  small  saccades 
with  an  intersaccade  interval  of  approximately  100  mseconds.  Despite  the 
amplitude  asymmetries,  the  peak  velocities  of  saccades  in  all  directions  consis¬ 
tently  were  normal  for  their  amplitudes  (compared  to  previously  reported  normal 
values).* 
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Figure  3.  Horizontal  saccadic  eye  movements  in  patients  1-6  (a-f,  respectively). 


Smooth  Pursuit  and  Optokinetic  Nystagmus 

Smooth  pursuit  was  asymmetric  in  all  patients— pursuit  toward  the  side  of  the 
lesion  was  better  than  pursuit  toward  the  intact  side  (Figure  5,  Table  2).  The 
mean  gain  (peak  eye  velocity/peak  target  velocity)  of  pursuit  toward  the  side  of 
the  lesion  was  0.65  ±  0.14,  while  that  in  the  opposite  direction  was  0.20  ±  0.17 
(compared  to  a  normal  value  of  0.96  ±  0.05).“  Although  higher  than  the  gain  of 
pursuit  toward  the  intact  side,  the  gain  of  pursuit  toward  the  side  of  the  lesion 
was  decreased  significantly  in  all  patients  compared  to  that  in  normal  subjects 
(Table  2). 

OKN  slow-phase  velocity  showed  the  same  asymmetry  as  did  smooth  pursuit. 
Slow  phases  toward  the  side  of  the  lesion  (i.e.,  in  the  direction  of  the  slow  phase 
of  their  spontaneous  nystagmus)  had  higher  velocity  than  did  slow  phases  toward 


1  sec 


Figure  4.  Upward  vertical  saccades  induce  hoizontal  saccades  toward  side  of  lesion  in 
patients  3  (a)  and  patient  4  (b).  Upper  trace,  vertical;  lower  trace,  horizontal. 


the  intact  side  (Table  2).  For  the  sinusoidal  OKN  stimulus  (0.05  Hz,  60°/second 
peak  velocity),  the  average  gain  toward  the  side  of  the  lesion  was  0.43  ±  0.09 
while  the  average  gain  away  from  the  side  of  the  lesion  was  0.17  ±  0.14.  Average 
;  gain  values  for  the  constant-velocity  stimulus  (30°/second)  were  0.69  ±  0.08  and 

0.23  ±  0.21  toward  and  away  from  the  side  of  the  lesion  respectively.  Our  normal 
values  for  the  same  sinusoidal  and  constant-velocity  stimuli  are  0.83  ±  0.13  and 
t=  0.89  ±  0.10  respectively.10  Thus,  in  addition  to  being  asymmetric,  the  OKN  gain 

{  was  decreased  significantly  in  both  directions  compared  to  normal  subj  ects. 

As  with  voluntary  saccades,  OKN  fast  components  toward  the  side  of  the 
lesion  consistently  were  larger  than  those  in  the  opposite  direction  (Figure  6). 
This  combination  of  slow-phase  and  fast-phase  asymmetry  resulted  in  a  marked 
v  asymmetry  of  OKN  frequency.  The  frequency  of  OKN  induced  by  drum  rotation 

toward  the  side  of  the  lesion  was  on  average  twice  the  frequency  of  OKN 
induced  by  drum  rotation  toward  the  intact  side  (Figure  6). 

Optokinetic  after-nystagmus  (OKAN)  also  was  asymmetric  in  all  patients. 
OKAN  in  the  direction  of  the  patients’  spontaneous  nystagmus  (in  the  dark)  had 
greater  slow-phase  velocity  than  did  that  in  the  opposite  direction.  In  three  of  six 
patients,  OKAN  occurred  only  in  the  direction  of  the  spontaneous  nystagmus. 


CW  ri9M 

ccw  v  jy 

if, 

Figure  6.  Horizontal  optokinetic  nystagmus  in  patient  2  induced  by  the  drum  moving  at 
a  constant  velocity  of  30Vsecond.  CW,  clockwise;  CCW,  counterclockwise. 
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The  average  gain  (peak  slow-phase  velocity/peak  head  velocity)  of  the  VOR 
toward  and  away  from  the  side  of  the  lesion  was  not  significantly  different  from 
that  of  normal  subjects  (Table  2).  However,  the  VOR  gain  was  asymmetric  in  all 
patients,  being  highest  when  it  was  in  the  direction  of  the  slow  phase  of  their 
spontaneous  nystagmus  in  the  dark.  Since  the  spontaneous  nystagmus  changed 
directions  from  light  to  dark  in  three  patients,  their  OKN  and  VOR  slow-phase 
asymmetries  were  in  opposite  directions  (e.g.,  patient  5,  Figure  7).  As  with  OKN, 
however,  fast  components  of  vestibular-induced  nystagmus  in  all  patients  were 
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Figure  7.  Plots  of  slow-phase  velocity  vs.  time  for  sinusoidal  (0.05  Hz,  60°/second  peak 
velocity)  OKN,  VOR,  and  VVOR  stimulation.  OKN,  drum  rotating  only;  VOR,  chair  rotating 
in  the  dark;  VVOR,  chair  rotating  in  the  light  with  a  fixed  surround. 


larger  when  directed  toward  the  side  of  the  lesion  than  when  directed  toward  the 
intact  side. 


VisuaJ-VestibuJar  Interaction 


The  WOR  responses  (a  synergistic  interaction  of  OKN  and  VOR)  were 
surprisingly  well  preserved  (Figure  7,  Table  2).  Asymmetry  when  present  was 
less  pronounced  than  with  OKN  and  VOR  testing  alone,  and  the  gain  (peak 
slow-phase  velocity/peak  head  velocity)  was  normal  or  only  slightly  below 
normal.  In  many  cases,  the  WOR  responses  could  not  be  predicted  based  on  a 
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simple  algebraic  addition  of  the  OKN  and  VOR  responses.  For  example,  in 
patient  1  (Figure  7),  the  VOR  and  OKN  gains  to  the  left  were  0.50  and  0.03 
respectively  while  the  VVOR  gain  to  the  left  was  0.90.  A  similar  discrepancy  was 
present  with  the  gain  measurements  of  slow  phases  to  the  right  in  patient  5 
(Figure  7). 

All  patients  had  impaired  fixation  suppression  of  vestibular  nystagmus  (i.e., 
increased  VOR-FIX  gain)  when  they  were  rotated  with  a  fixation  point  attached 
to  the  rotatory  chair  (Table  2).  The  VOR-FIX  slow  phases  had  higher  gain  when 
they  were  in  the  direction  of  the  slow  phase  of  the  patients’  spontaneous 
nystagmus  (i.e.,  toward  the  side  of  the  lesion)  compared  to  when  they  were  in  the 
opposite  direction.  In  addition  to  this  asymmetry,  the  gain  measurements  of  the 
VOR-FIX  responses  were  increased  significantly  in  both  directions  compared  to 
normal  subjects. 


Discussion 

Our  six  patients  with  Wallenberg's  syndrome  each  exhibited  a  conjugate 
deviation  of  the  eyes  toward  the  site  of  their  lesion.  This  deviation  occurred  with 
fixation  but  was  more  pronounced  when  fixation  was  inhibited.  Analysis  of 
videotape  and  EOG  recordings  of  eye  movements  demonstrated  two  distinct 
mechanisms  of  the  eye  deviation.  When  attempting  to  fixate  on  a  target  in  the 
mid-position,  each  patient  had  a  slow  ramp  eye  movement  toward  the  side  of  the 
lesion.  This  was  interrupted  regularly  by  corrective  saccades  in  the  opposite 
direction,  generating  spontaneous  nystagmus  toward  the  intact  side.  However, 
the  corrective  fast  components  often  were  inadequate  to  compensate  for  the  slow 
components,  and  the  average  eye  position  drifted  toward  the  side  of  the  lesion. 
This  drift  was  particularly  pronounced  when  the  patient  was  inattentive  or 
fatigued.  The  second  type  of  eye  deviation,  a  rapid  eye  movement  or  saccade, 
occurred  only  when  fixation  was  inhibited.  In  four  of  six  patients,  a  saccade 
toward  the  side  of  the  lesion  was  induced  with  each  blink.  After  turning  off  the 
lights,  each  patient's  eyes  deviated  to  between  10  to  25°  toward  the  side  of  the 
lesion  by  a  combination  of  slow  and  fast  eye  movements. 

Voluntary  and  involuntary  horizontal  saccades  consistently  were  larger  in  the 
direction  of  the  eye  deviation  than  away  from  it.  Vertical  saccades,  particularly 
upward  saccades,  were  deflected  toward  the  side  of  the  lesion,  resulting  in  a 
diagonal  trajectory.  Slow  eye  movements  also  were  asymmetric.  Smooth  pursuit, 
OKN  slow  phases,  and  VOR  slow  phases  had  greater  velocity  in  the  direction  of 
the  slow  phase  of  their  spontaneous  nystagmus  than  in  the  direction  of  the  fast 
phase.  In  addition,  the  gain  of  smooth  pursuit  and  OKN  was  decreased  signifi¬ 
cantly  in  both  directions  compared  to  normal  subjects.  Apparently  the  lateral 
medullary  lesions  interrupted  critical  pathways  needed  for  generating  smooth 
pursuit  and  OKN. 

We  studied  two  different  types  of  visual-vestibular  interaction  in  these 
patients— an  antagonistic  interaction  of  smooth  pursuit  and  VOR  (the  VOR-FIX 
test)  and  a  synergistic  interaction  of  OKN  and  VOR  (the  VVOR  test).  All  patients 
had  impaired  fixation  suppression  of  vestibular  nystagmus  (i.e.,  increased  VOR- 
FIX  gain)  in  both  directions  compared  to  normal  subjects.  In  addition,  the 
responses  exhibited  the  same  asymmetry  observed  with  other  slow  eye  move¬ 
ments,  i.e.,  slow  phases  in  direction  of  the  slow  phase  of  their  spontaneous 
nystagmus  had  greater  velocity  than  did  those  in  the  opposite  direction.  These 
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VOR-FIX  responses  were  consistent  with  the  degree  of  impairment  of  smooth 
pursuit  seen  in  these  patients.  The  WOR  responses,  on  the  other  hand,  were 
relatively  preserved  even  though  the  OKN  responses  were  uniformly  abnormal. 
For  example,  patients  1,  4,  and  5  had  normal  WOR  gain  in  both  directions 
despite  having  markedly  decreased  and  asymmetric  OKN  gain.  Models  that 
assume  a  linear  interaction  of  OKN  and  VOR  signals  would  have  predicted  much 
lower  WOR  responses  in  these  cases." 

Two  different  types  of  bias  in  oculomotor  control  were  observed  in  our 
patients — a  velocity  bias  and  a  position  bias.  The  velocity  bias  caused  the 
spontaneous  nystagmus  away  from  the  side  of  the  lesion  and  the  asymmetry  of  all 
slow  eye  movements.  The  position  bias  caused  the  static  deviation  of  the  eyes 
toward  the  side  of  the  lesion  when  fixation  was  inhibited  and  the  amplitude 
asymmetry  of  voluntary  and  involuntary  saccades.  Two  observations  suggest  that 
these  different  types  of  bias  resulted  from  entirely  separate  mechanisms.  First, 
the  position  bias  was  toward  the  side  of  the  lesion  in  all  six  patients,  while  the 
velocity  bias  was  away  from  the  side  of  the  lesion  when  fixation  was  inhibited  in 
three  patients.  In  these  three  patients,  voluntary  gaze  toward  the  side  of  the 
lesion  also  changed  the  direction  of  their  spontaneous  nystagmus.  Second,  the 
velocity  bias  (i.e.,  the  spontaneous  nystagmus)  was  most  prominent  in  the  first 
few  days  after  the  onset  of  neurologic  symptoms  and  then  improved  progres¬ 
sively  in  all  patients,  while  the  position  bias  remained  relatively  unchanged 
during  the  period  of  observation. 

We  can  only  speculate  on  the  pathophysiologic  basis  of  these  two  types  of 
oculomotor  bias  since,  although  the  lesions  in  our  patients  clinically  were 
localized  to  the  lateral  medulla,  we  did  not  have  anatomical  correlation.  Even  in 
prior  reports  where  pathologic  material  was  available,  clinical  symptoms  and 
signs  were  not  well  correlated  with  the  location  of  the  lesion.612  The  zone  of 
infarction  in  Wallenberg's  syndrome  is  variable,  and  it  includes  several  different 
pathways  known  to  be  important  for  oculomotor  control  (e.g.,  the  medial  and 
descending  vestibular  nuclei,  medullary  reticular  nuclei,  the  restiform  body,  and 
the  spinocerebellar  tract).6  Furthermore,  some  acute  symptoms  and  signs  may  be 
due  to  edema  surrounding  the  infarct  and  not  to  the  infarct  itself. 

We  suspect  that  the  velocity  bias  seen  in  these  patients  with  lateral  medullary 
lesions  was  due  to  asymmetric  involvement  of  central  vestibular  pathways. 
Uemura  and  Cohen  observed  that  unilateral  lesions  of  the  caudal  lateral 
vestibular  nuclei  in  the  monkey  resulted  in  rotatory  nystagmus  with  horizontal 
and  vertical  components  similar  to  those  seen  in  our  patients  [i.e.,  slow  phase 
toward  the  side  of  lesion  and  down).13  More  rostral  lesions  in  the  vestibular 
nuclei  resulted  in  spontaneous  nystagmus  in  the  opposite  direction.  These 
monkeys  did  not  have  eye  deviation  at  rest,  and  the  effect  of  voluntary  gaze 
deviation  on  the  spontaneous  nystagmus  was  not  reported.  The  spontaneous 
nystagmus  with  fixation  lasted  for  8  to  10  days  after  the  lesion,  approximating  the 
duration  of  spontaneous  nystagmus  with  fixation  observed  in  our  patients. 
Lesions  of  the  labyrinth  or  VUIth  nerve  in  humans  and  monkeys  also  result  in 
spontaneous  rotatory  nystagmus  with  slow  phase  toward  the  side  of  the  lesion, 
but  this  nystagmus  is  inhibited  more  rapidly  by  fixation  (usually  within  a  few 
days  of  the  lesion).13,14 

We  agree  with  Kommerell  and  Hoyt  that  the  position  bias  observed  in 
patients  with  lateral  medullary  infarction  probably  results  from  a  false  internal 
reference  as  to  gaze  direction.4  This  internal  reference,  the  so-called  corollary 
discharge  or  efferent  copy,  is  felt  to  be  important  for  programming  accurate 
saccades.  The  bias  must  be  added  after  the  level  where  the  corollary  discharge  is 
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evaluated  since  the  patients  are  unaware  of  the  eye  deviation  in  the  absence  of 
fixation. 

The  paramedian  pontine  reticular  formation  (PPRF)  is  felt  to  be  the  immedi¬ 
ate  prenuclear  horizontal  gaze  center.15,16  Neurons  in  the  PPRF  fire  in  a  burst 
pattern  just  before  the  onset  of  horizontal  saccades  to  the  same  side.  Unilateral 
lesions  of  the  PPRF  result  in  eye  deviation  to  the  contralateral  side  and  complete 
inability  to  move  the  eyes  ipsilaterally  beyond  the  midline.  This  picture  is  in 
direct  contrast  to  the  full  range  of  eye  movement  and  deviation  toward  the  side  of 
the  lesion  seen  in  our  patients.  Although  the  PPRF  receives  signals  from  many 
different  areas  of  the  brain,  those  from  the  paravermian  region  of  the  cerebellum 
appear  to  be  particularly  important  for  accurate  programming  of  saccades.17 
Lesions  of  the  paravermian  region  in  monkeys  result  in  asymmetric  voluntary 
saccades.16  The  monkeys  move  their  eyes  to  the  contralateral  side  in  a  single 
saccade  and  return  them  to  the  ipsilateral  side  with  a  series  of  smaller  saccades 
(i.e.,  a  pattern  similar  to  but  in  the  reverse  direction  of  that  seen  in  our  patients). 
We  have  studied  eye  movements  in  two  patients  with  isolated  unilateral  cerebel¬ 
lar  lesions  and  found  an  asymmetry  of  voluntary  and  involuntary  saccades  the 
same  as  that  seen  in  patients  with  infarction  of  the  lateral  medulla,  i.e., 
ipsilaterally  directed  saccades  were  larger  than  contralaterally  directed  saccades 
(unpublished  data).  We  therefore  suspect  that  the  position  bias  observed  in 
patients  with  lesions  of  the  lateral  medulla  results  from  interruption  of  pathways 
between  the  paravermian  region  of  the  cerebellum  and  the  PPRF  prenuclear 
gaze  centers. 


Summary 

We  studied  electro-oculographic  and  videotape  recordings  of  eye  movements 
in  six  patients  with  Wallenberg’s  syndrome.  With  fixation,  all  patients  had  a 
spontaneous  rotatory  nystagmus  with  the  fast  phase  directed  toward  the  intact 
side.  With  loss  of  fixation,  the  patients’  eyes  deviated  tonically  toward  the  side  of 
the  lesion.  Voluntary  and  involuntary  saccades  had  larger  amplitude  when 
directed  toward  the  side  of  the  lesion  than  away  from  it.  The  spontaneous 
nystagmus  predictably  interacted  with  all  slow  eye  movements,  producing  asym¬ 
metric  smooth-pursuit,  optokinetic,  and  vestibular  responses.  In  addition, 
smooth-pursuit  and  optokinetic  responses  were  decreased  significantly  in  both 
directions  compared  to  normal  subjects.  Fixation  suppression  of  vestibular 
nystagmus  also  was  impaired  in  both  directions.  We  concluded  that  two  different 
types  of  oculomotor  bias  were  present  in  these  patients — a  velocity  bias  and  a 
position  bias.  The  former  resulted  from  damage  to  the  caudal  lateral  vestibular 
nuclei,  and  the  latter  from  interruption  of  cerebellopontine  pathways. 
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Introduction 

There  were  frequent  reports  in  the  earlier  literature  of  children  presenting  at 
an  early  age  with  a  combination  of  nystagmus  and  head  shaking  (e.g.,  Hancock, 
1908).1  These  days  the  condition  apparently  is  rare  and  may  have  declined  in 
incidence  because  of  improvements  in  diagnosis  and  community  health. 
Nevertheless,  despite  its  lack  of  importance  as  a  disease  entity,  the  concurrence 
of  head  shaking  and  nystagmus  is  of  physiological  and  clinical  interest  because  of 
implications  as  to  the  nature  of  underlying  pathophysiological  mechanisms. 

Prima  facie  considerations  would  suggest  two  reasons  for  the  association  of 
head  shaking  and  nystagmus:  one  being  that  the  head  movement  is  in  some  way 
compensatory  for  the  nystagmus  and  helps  to  stabilize  the  visual  axes;  the  other  is 
that  the  shaking  is  itself  an  involuntary  movement  akin  to  tremor  or  perhaps 
chorea.  Before  investigating  these  possibilities  in  actual  cases,  it  is  necessary  to 
understand  the  role  of  the  vestibulo-ocular  reflex  (VOR)  in  normal  head-eye 
coordination. 

The  direction  in  which  the  eyes  are  looking  is  called  “gaze,”  which  is  the  sum 
of  head  position  and  eye  position  (eye  position  in  the  orbit,  i.e.,  with  respect  to  the 
head).  For  good  vision,  gaze  has  to  be  stable;  a  nystagmus,  for  example,  makes  the 
visual  axes  oscillate  to  and  fro  with  the  result  that  gaze  never  is  stable  on  the 
target  and  vision  is  poor.  Under  normal  conditions,  any  movement  of  the  head  is 
accompanied  by  an  eye  movement  that  is  equal  in  velocity  and  opposite  in 
direction  to  that  of  the  head.  The  net  result  is  that  the  direction  of  gaze  remains 
undisturbed  because  the  head  and  eye  movements  cancel  each  other.  These 
“compensatory”  eye  movements  are  generated  by  the  vestibulo-ocular,  or  “doll’s 
head,”  reflex.  The  vestibulo-ocular  reflex  operates  continually  even  during 
saccadic  eye  movements  that  are  made  to  transfer  the  direction  of  fixation.  It 
normally  cannot  be  turned  off.  These  considerations  lead  us  to  an  important 
conclusion  for  the  relationship  between  head  shaking  and  nystagmus. 

A  person  with  a  nystagmus  and  a  normal  VOR  who  tries  to  shake  his  head  to 
compensate  for  the  way  his  eyes  are  oscillating  will  do  so  in  vain,  for  his  head 
movement  will  be  countereffected  by  the  vestibulo-ocular  reflex,  leaving  the 
nystagmus  to  determine  the  direction  of  the  visual  axes.  In  other  words  we  may 
formulate  the  equation,  adding  head  and  eye  movements  together: 

Nystagmus  +  Head  Movement  +  Eye  Movement  (which  is  equal  to 

minus  head  movement)  -  Nystagmus  -  Gaze 
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In  conclusion,  a  patient  with  a  nystagmus  who  has  a  normal  VOR  cannot  shake 
his  head  to  improve  vision;  hence,  if  the  head  movements  are  compensatory  and 
help  him  to  see  better,  then  during  the  shaking  he  must  suppress  his  VOR  in  some 
way.  A  corollary  of  this  conclusion  is  that  when  head  shaking  does  not  improve 
vision,  the  VOR  must  be  normal  and  the  shaking  has  no  beneficial  effect  and 
probably  is  an  involuntary  movement  of  pathological  origin. 

In  fact  we  have  found  three  patterns  of  head  and  eye  movements  in  patients 
who  have  had  associated  nystagmus  and  head  shaking  from  early  life.  In  the  first 
pattern,  the  head  shaking  does  not  improve  vision  and  probably  is  an  involuntary 
movement;  in  the  second,  the  head  shaking  compensates  for  the  nystagmus, 
during  which  the  VOR  must  be  suppressed;  and  in  the  third  type,  the  nystagmus 
seems  to  go  away  whenever  the  head  is  moved,  leaving  normal  vestibulo-ocular 
reflexes  to  stabilize  gaze. 


Head  Shaking  as  an  Involuntary  Movement  (Tremor) 

Many  more  patients  fall  into  this  category  than  into  the  others.  The  character¬ 
istics  are  as  follows.  The  nystagmus  and  associated  head  shaking  probably  begin 
together  shortly  after  birth  and  persist  through  life.  The  nystagmus  is  of  the 
typical  motor-defect  type.  The  head  shaking  is  of  low  amplitude,  perhaps  only 
two  or  three  degrees  of  displacement,  is  very  regular,  and  resembles  a  tremor. 
The  period  of  the  head  movement  is  usually  about  250  mseconds  and  is  the  same 
as  that  of  the  nystagmus  that  is  present  when  the  head  shakes.  These  periods 
correspond  to  a  frequency  of  4  Hz,  which  would  suggest  tremor  of  cerebelloden- 
tatothalamic  origin.13  The  head  movements  generally  are  suppressed  and  tend  to 
appear  only  when  the  patient  is  tired  or  engrossed.  When  old  enough  to  be 
questioned,  these  patients  are  aware  of  their  head  shaking  and  can  suppress  it 
when  asked.  They  do  not  believe  that  it  helps  them  to  see  better.  Our  conclusion 
is  that  the  head  movements  in  these  patier ‘s  are  involuntary,  should  be  classified 
as  tremor,  and  result  from  pathology  that  perhaps  is  similar  to  that  responsible  for 
the  nystagmus. 

Since  head  shaking  does  not  alter  visual  acuity  in  these  patients,  one  must 
presume  that  they  have  vestibulo-ocular  reflexes  that  function  normally.  Because 
of  the  low  amplitude  of  head  movement  in  comparison  with  the  nystagmus,  it  is 
difficult  to  detect  the  vestibulo-ocular  reflex  component  of  eye  movement  during 
periods  of  head  tremor;  however,  if  the  patient  shakes  his  head  vigorously,  then 
one  can  detect  readily  a  modulation  of  the  nystagmus  that  reflects  the  head 
movement. 

Other  tests  of  vestibular  function,  such  as  rotational  stopping  stimuli  and 
caloric  irrigation,  may  not  be  successful  because  the  resulting  vestibular  nystag¬ 
mus  is  confounded  with  the  congenital  nystagmus  and  in  some  such  patients 
apparently  is  easily  suppressed,  presumably  because  they  have  a  lifetime’s 
experience  in  dealing  with  problematic  nystagmus. 


Head  Shaking  that  Compensates  for  Nystagmus 

We  have  found  two  patients  with  nystagmus  who  shake  their  heads  with  a 
movement  having  the  same  shape  as  the  nystagmus  but  an  opposite  direction. 
The  head  shaking  and  the  nystagmus,  being  more  or  less  equal  and  opposite,  tend 
to  cancel  each  other,  thus  providing  stable  gaze.  Both  of  these  patients  were  male 
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children  under  10  years  of  age.  We  have  been  able  to  follow  one  of  them  for  two 
years. 

The  pattern  of  head  shaking  in  these  children  was  irregular,  consisting  of 
combinations  of  oscillatory  and  ramp-shaped  movements.  The  overall  amplitude, 
which  corresponded  to  the  size  of  the  nystagmus,  was  as  much  as  10°  or  more. 
The  children  both  could  tell  us  that  the  head  movements  helped  them  to  see;  and 
if  one  deliberately  held  their  heads  still  while  they  concentrated  on  a  visual  task, 
their  vision  deteriorated  markedly. 

According  to  the  reasoning  detailed  above,  one  must  conclude  that  during 
head  shaking,  the  VOR  was  suppressed  in  these  patients.  The  VOR  certainly  was 
not  totally  absent  in  these  children,  for  passive  oscillation  of  the  head  produced 
eye  movements  modulated  by  the  head  movement. 

In  the  child  who  was  observed  longitudinally,  there  occurred  a  transition 
period  lasting  for  several  weeks,  during  which  his  behavior  altered.  We  were 
alerted  to  this  by  the  fact  that  his  parents  thought  that  his  head  shaking  had 
diminished  and  that  his  nystagmus  sometimes  stopped. 

On  examination  during  this  time,  the  child  showed  several  patterns  of  head 
and  eye  movements.  At  times  he  produced  the  usual  pattern  of  compensatory 
shaking  that  we  already  had  established  and  just  have  described.  Within 
moments  of  this  pattern  being  recorded,  he  would  switch,  as  it  were,  into  another 
mode  of  control  in  which  the  nystagmus  disappeared  when  he  shook  his  head, 
leaving  normal  vestibulo-ocular  reflexes.  This  pattern  of  course  is  the  third  type 
in  our  classification.  At  yet  other  times,  the  nystagmus  would  go  away  completely, 
its  absence  lasting  from  a  few  seconds  to  one  or  two  minutes. 

All  evidence  would  suggest  that  people  with  nystagmus  and  having  compen¬ 
satory  patterns  of  head  shaking  eventually  lose  their  nystagmus  altogether.  The 
one  child  we  have  followed  apparently  is  well  on  the  way  to  recovery,  and  we 
have  never  come  across  a  report  of  an  adult  with  this  behavior. 

From  the  patient  we  were  able  to  study,  it  would  seem  that  such  patients  can 
develop  strategies  for  suppressing  involuntary  eye  movements.  First  the  boy 
“learned”  how  to  switch  off  his  VOR  so  that  he  could  swing  his  head  in 
compensation  for  the  nystagmus,  and  then  he  learned  how  to  suppress  the 
nystagmus  itself,  both  apparently  through  the  behavioral  maneuver  of  head 
movement. 


Head  Movements  that  Switch  off  Nystagmus,  "Spasmus  Nutans”* 


This  third  category  probably  forms  some  kind  of  continuum,  at  least  in  terms 
of  similarity  of  mechanism,  with  the  second  pattern  of  "compensatory  head 
movements.”  Excluding  the  child  with  compensatory  head  movements  who 
developed  into  a  Spasmus  nutans  type,  we  have  observed  two  other  patients, 
both  children  in  the  first  five  years  of  life,  whose  nystagmus  went  away  when 
they  shook  their  heads.  The  older  child,  who  was  five  years  of  age,  was  well  on 
the  way  to  recovery  according  to  his  parents'  report  of  his  development;  and  we 
similarly  believe  that  patients  with  this  third  pattern  of  behavior  tend  to  lose  their 
nystagmus  as  they  develop. 

Similar  to  those  with  compensatory  head  shaking,  these  patients  report  that 
they  see  better  when  they  move  their  head,  and  vision  does  deteriorate  when 
their  heads  are  held  still.  Close  examination  reveals  that  during  head  shaking, 
they  have  fairly  normal  looking  doils-head  movements  that  are  unlike  the 
nystagmus  present  when  the  head  is  still. 
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One  may  speculate  on  criteria  that  distinguish  between  patients  with  head 
tremor  and  those  with  compensatory  head  movements.  The  waveforms  of  the 
nystagmus  possessed  by  patients  with  head  tremor  had  “null  periods”  that 
permitted  adequate  vision,5  whereas  patients  with  compensatory  head  shaking 
had  nystagmus  that  was  often  fast  oscillations  that  did  not  provide  any  periods  of 
stable  gaze  during  which  they  could  see.  Hence  it  may  be  that  the  children  with 
inadequate  vision  were  driven  to  develop  compensatory  strategies,  if  they  could 
do  so. 

There  are  interesting  features  about  children  who  shake  their  heads  to  switch 
off  their  nystagmus  and  those  who  suppress  the  VOR  during  head  shaking.  In 
each  case,  involuntary  eye  movement  is  suppressed  by  a  behavioral  act.  The 
natural  history  of  the  disorder  in  these  children  suggests  that  there  is  a  develop¬ 
mental  continuum  leading  to  remission.  Although  the  initial  adaptation  to  the 
nystagmus  is  achieved  through  an  overt  behavioral  maneuver,  the  final  adapta¬ 
tion  is  internalized  totally  and  the  nystagmus  is  suppressed  without  head  shaking. 
It  is  possible  that  the  transition  from  suppression  through  overt  behavior  to 
internalized  suppression  follows  the  type  of  developmental  scheme  proposed  by 
Piaget  (1962).8  At  the  earliest  “sensorimotor”  stage,  the  child  is  trying  to  solve 
problems  by  overt  behavioral  acts  of  experimentation,  i.e.,  in  this  context  he  finds 
that  certain  maneuvers  help  his  visual  problems;,  from  this  stage  onward,  he 
internalizes  the  operations  as  he  grows  toward  the  stage  of  formal  reasoning.  This 
ability  to  construct  an  internal  model  of  control  processes  perhaps  enables  the 
child  with  nystagmus  eventually  to  suppress  his  involuntary  eye  movements 
without  resorting  to  overt  maneuvers. 

Our  findings  have  implications  for  the  physiology  and  pathology  of  vestibulo- 
oculomotor  function.  First  they  show  that  the  current  twofold  classification  of 
congenital  nystagmi  into  sensory  and  motor-defect  types  must  be  incomplete.  All 
our  patients  would  be  classified  as  motor-defect  types  because  they  had  no 
evidence  of  pathology  of  the  visual  pathways.  However,  there  probably  are 
differences  between  the  pathologies  underlying  the  nystagmi  that  are  success¬ 
fully  suppressed  and  those  that  persist  through  life.  Here  the  question  is  open.  It 
may  be  that  the  waveforms  of  the  nystagmi  that  are  suppressed  do  not  provide 
quiescent  periods  during  which  gaze  is  stable,  so  that  the  child  is  forced  to 
explore  other  strategies  for  improving  his  vision.  This  would  be  a  difference  in 
degree  of  pathology  rather  than  in  kind.  Our  few  observations  so  far  do  not  allow 
us  to  go  as  far  as  saying  this.  What  is  evident  is  that  the  waveforms  of  some 
nystagmi  that  are  suppressed,  unlike  those  of  the  nystagmi  that  persist,  frequently 
are  aperiodic  and  do  not  conform  readily  to  an  overall  pattern.  The  lack  of 
periodicity  may  contribute  to  loss  of  visual  acuity.  In  addition  the  nystagmi  of  the 
Spasmus  nutans  type,  which  also  are  suppressed,  consist  of  high-frequency 
oscillations  that  certainly  degrade  visual  acuity  severely  and  provide  no  null 
periods. 

The  implications  of  our  findings  for  vestibulo-ocular  physiology  concern  the 
problem  of  suppression  of  the  vestibulo-ocular  reflex  and,  generally  speaking,  of 
any  unwanted,  drifting  eye  movements.  There  are  two  hypotheses  to  account  for 
the  suppression  of  the  vestibulo-ocular  reflex.  One  is  that  vestibular  reflexes  are 
canceled  by  pursuit  mechanisms,  the  other  is  that  there  is  a  specific  mechanism 
that  suppresses  the  reflex.  There  certainly  is  a  strong  relationship  between  the 
performance  of  the  pursuit  system  and  that  of  vestibulo-ocular  reflex  suppres¬ 
sion,  for  it  has  been  shown  that  in  normal  subjects,  they  break  down  at  similar 
frequencies  and  velocities:7  so  whether  the  vestibular  reflexes  are  canceled  or 
suppressed,  both  mechanisms  probably  share  neural  structures  in  common  with 
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the  mechanism  of  smooth  pursuit.  On  the  whole,  the  evidence  from  patients  with 
congenital  nystagmus  supports  a  mechanism  of  suppression  rather  than  of  can¬ 
celation,  for  the  children  who  do  switch  off  their  vestibular  reflexes  or  nystagmus 
during  head  shaking  can  hardly  do  so  through  the  mediation  of  smooth-pursuit 
mechanisms.  The  hypothesis  of  suppression  rather  than  cancelation  also  is 
supported  by  other  clinical  data.  We  frequently  have  observed  that  patients  who 
cannot  suppress  their  vestibulo-ocular  reflexes  may  have  pursuit  that  is  deranged 
only  moderately,  so  that  there  is  a  mismatch  between  the  performance  of 
suppression  and  that  of  pursuit.  Similarly— in  using  the  performance  of  pursuit 
and  suppression  to  monitor  levels  of  drug  toxicity*— we  have  found  clear  and 
consistent  differences  between  the  decrement  in  performance  of  pursuit  and  of 
suppression,  such  that  there  always  is  more  suppression  than  one  would  expect 
from  the  capabilities  of  the  pursuit  system. 

In  conclusion,  it  would  seem  that  although  pursuit  and  suppression  are 
closely  related  such  that  when  one  breaks  down  the  other  also  is  affected,  the 
relationship  is  not  so  close  that  pursuit  is  wholly  responsible  for  the  cancelation 
of  vestibulo-ocular  reflexes. 
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Introduction 

Spontaneous  nystagmus  that  periodically  reverses  direction  has  been 
reported  in  a  variety  of  circumstances:  as  a  variant  of  congenital  nystagmus;  in 
association  with  acquired  neurological  lesions,  especially  in  the  region  of  the 
craniocervical  junction;  and  as  a  transient  manifestation  of  anticonvulsant 
intoxication.1'*  Periods  of  oscillation  ranging  from  a  few  seconds  to  minutes  have 
been  reported.3,7  Sometimes  this  nystagmus  is  present  only  in  darkness.2  It  has 
been  reported  in  blind  patients  with  no  other  evidence  of  neurological  disease.4 
Within  the  subjects  of  these  reports  exists  a  group  of  patients  who  show  an 
indefatigable  nystagmus,  in  light  or  darkness,  which  regularly  reverses  direction 
with  a  period  often  of  3-4  minutes,  and  in  whom  acquired  disease  of  the  nervous 
system  seems  most  likely  to  be  the  cause.*  It  is  this  form  of  periodic  alternating 
nystagmus  (PAN)  that  we  address  here,  using  clinical  studies  and  control-systems 
analysis  to  develop  a  hypothetical  explanation,  or  model,  of  the  phenomenon. 
We  propose  that  PAN  arises  from  (1)  an  instability  in  the  brain-stem  neural 
networks  that  generate  slow  phases  of  vestibular  and  optokinetic  nystagmus,  (2) 
the  action  of  an  adaptive  network  that  normally  acts  to  null  prolonged,  inappro¬ 
priate  nystagmus,  and  (3)  an  inability  to  use  retinal-error-velocity  information. 


Methods 

Eye  movements  were  recorded  using  bitemporal  direct-current  electro¬ 
oculography  (EOG).  Data  were  recorded  onto  magnetic  tape  and  displayed  by  a 
pen  recorder  for  analysis  by  hand.  Our  entire  system  had  a  bandwidth  of  0-100 
Hz,  and  eye  movements  could  be  measured  with  a  sensitivity  of  1°  and  an 
accuracy  of  about  10%  over  a  range  of  ±40°. 

Patients  attempted  fixation  of  an  array  of  small  red-light-emitting  diodes. 
Horizontal  vestibular  responses  were  induced  by  use  of  a  servo-driven  chair. 
Pursuit  eye  movements  were  tested  by  asking  the  patient  to  track  a  small  spot  of 
light  rear-projected  onto  a  semitranslucent  screen.  This  spot  was  driven  in  a 
triangular  waveform  with  velocities  of  5-20°/second  and  amplitudes  of  10-20°.  A 
large,  patterned,  cylindrical  drum  that  surrounded  the  patient  served  as  an 
optokinetic  stimulus. 


*This  research  was  supported  by  National  Institutes  of  Health  Research  Grants  EY05264 
and  AG00061  (Dr.  Leigh).  EY00598  (Dr.  Robinson).  EY01849  and  NS11071  (Dr.  Zee),  and  by 
a  Core  Center  Grant  (EY01785)  to  the  Wilmer  Institute. 
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Patients  were  dark  adapted  at  the  beginning  of  each  session,  and  frequent 
calibrations  were  made  throughout  to  ensure  stability  of  the  EOG  signal.  To 
ensure  optimal  alertness  and  attention,  one  of  the  investigators  sat  with  each 
patient  throughout  each  session,  providing  constant  encouragement.  In  addition, 
frequent  rest  periods  were  allowed. 


Clinical  Material 
Patient  1 

During  the  summer  of  1970,  a  39-year-old  woman  noted  an  increase  in  the 
frequency  of  her  long-standing  headaches  and  increasing  fatigability.  In  Decem¬ 
ber  1970  she  developed  episodic  vertigo,  a  sensation  of  fullness  in  her  left  ear, 
intermittent  diplopia,  and  disequilibrium.  By  January  1971  she  had  become 
dysarthric  and  lethargic,  and  noted  blurred  vision.  On  January  21, 1971,  she  was 
admitted  to  a  local  hospital  where  a  neurological  examination  reportedly 
revealed  lethargy,  slow  speech,  nystagmus,  dysmetria,  and  ataxia.  A  lumbar 
puncture  at  that  time  showed  a  spinal  fluid  protein  of  110  mg%,  glucose  of  15 
mg%,  and  281  white  cells/cc,  50%  being  lymphocytes.  The  opening  pressure  was 
normal.  Cerebral  arteriography  showed  hydrocephalus,  and  a  ventriculogram 
showed  a  possible  IVth-ventricular  mass.  On  February  1,  1971,  at  the  local 
hospital,  she  underwent  a  suboccipital  craniotomy.  The  cerebellar  vermis  was 
split,  and  granulomatous  tissue  near  to  the  area  postrema  was  biopsied.  This 
showed  cryptoccocus. 

She  subsequently  was  transferred  to  the  National  Institutes  of  Health,  where 
she  improved  considerably  with  antifungal  chemotherapy  and,  on  discharge,  was 
troubled  only  by  mild  oscillopsia  and  gait  ataxia.  In  1974  she  was  noted  for  the 
first  time  to  have  PAN.  She  had  a  mild  gait  ataxia  at  that  time  but  no  other 
neurological  abnormalities. 

When  examined  clinically  in  November  1978  (the  time  of  first  recording),  she 
had  PAN  with  a  period  of  four  minutes,  impaired  smooth  pursuit  in  all  directions 
(when  tested  during  her  null  period),  and  saccades  that  appeared  to  be  of  normal 
velocity  and  accuracy.  Her  neurological  examination  otherwise  was  normal.  At 
that  time  she  was  unable  to  work  as  a  schoolteacher  because  of  the  impairment  of 
visual  acuity  due  to  the  nystagmus. 

In  July  1979  she  started  taking  baclofen,  which  abolished  her  PAN  and 
consequently  improved  her  visual  acuity  so  that  she  could  return  to  work.  We 
recorded  her  eye  movements  again  at  this  time. 


Patient  2 

A  59-year-old  woman,  with  a  history  of  several  myocardial  infarctions  and 
episodes  of  congestive  heart  failure,  suddenly  developed  diplopia,  vertigo, 
numbness,  and  influenzalike  symptoms.  Over  the  course  of  several  weeks,  her 
neurological  deficits  largely  resolved  but  she  complained  of  intermittent  visual 
impairment.  Six  months  later,  in  July  1976,  she  was  admitted  to  Johns  Hopkins 
Hospital  when  she  showed  signs  of  mild  congestive  heart  failure,  with  a  normal 
blood  pressure.  Neurological  examination  showed  mild  right  ptosis,  left  facial 
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weakness,  and  residual  right  hemiparesis.  Oculomotor  examination  showed 
alternating  nystagmus  with  a  period  of  204  seconds.  Far  eccentric  horizontal  gaze 
produced  nystagmus  with  centripetal  slow  phases  regardless  of  the  phase  of  the 
cycle  of  alternating  nystagmus.  Saccades  appeared  to  be  of  normal  velocity  and 
accuracy.  No  smooth- pursuit  movements  were  apparent  when  tested  during  brief 
null  periods.  No  vertical  nystagmus  was  noted  at  that  time. 

Tomography  of  the  cranial  vertebral  junction,  computed  axial  tomography  of 
the  head,  and  examination  of  the  spinal  fluid  all  were  normal.  Carotid  arteriogra¬ 
phy  showed  about  30%  stenosis  of  the  left  internal  carotid  at  its  origin,  and  a 
minimal  irregularity  of  the  right  common  carotid  at  its  origin.  However,  posterior 
fossa  arteriography  showed  no  vascular  abnormality  or  any  tonsilar  displace¬ 
ment.  Intracranial  vessels  appeared  normal.  Blood  sugar  estimations  showed 
consistently  elevated  values.  Serum  tests  for  syphilis  were  negative.  It  was 
thought  most  likely  that  her  neurological  deficit  was  due  either  to  a  small 
medullary  infarction  or  to  an  episode  of  demyelination. 

When  she  was  examined  again  in  September  1979  (time  of  study),  the  only 
change  of  note  was  an  increase  in  the  length  of  the  period  of  alternating 
nystagmus  to  220  seconds  with  no  null  period.  In  addition  some  down-beat 
nystagmus  was  noted  on  far  lateral  gaze.  A  trial  of  baclofen  was  instituted  by  her 
family  physician,  but  although  the  patient  noted  some  improvement  in  vision  at  a 
dose  of  10  mg  three  times  a  day,  she  discontinued  the  drug  because  of  chest  pain 
and  ankle  edema. 


Patient  3 

A  35-year-old  shoemaker  was  referred  to  the  Johns  Hopkins  Hospital  in 
January  1980,  complaining  of  progressive  blurred  vision,  slurred  speech,  and 
unsteady  gait.  He  had  been  well  until  age  19,  when  he  suffered  head  trauma  in 
an  automobile  accident  that  resulted  in  several  hours’  loss  of  consciousness. 
Subsequently  his  friends  remarked  that  he  "looked  drunk”  and  had  "dancing 
eyes”  and  slurred  speech.  At  age  28,  he  was  admitted  to  a  local  hospital.  An 
isotope  brain  scan  and  an  electroencephalogram  were  normal;  no  cause  could  be 
found  for  his  complaints.  Thereafter  he  became  progressively  disabled  by  his 
symptoms,  which  seemed  to  be  made  worse  by  sneezing. 

His  admission  examination  was  notable  for  spontaneous  nystagmus  with 
periodic  head  turning,  but  with  a  persistent  head  tilt  to  the  right.  With  the  head 
erect  and  fixed,  PAN  with  a  period  of  four  minutes  was  documented.  There  was 
prominent  gaze-evoked  nystagmus  with  centripetally  directed  slow  phases;  and 
during  the  few  seconds  when  his  horizontal  nystagmus  was  changing  direction, 
down-beating  nystagmus  was  apparent  in  primary  position.  He  also  showed 
gaze-evoked  nystagmus  in  the  vertical  plane  with  centripetally  directed  slow 
phases.  The  patient  used  head  turning  to  put  his  eyes  in  a  far  lateral  position  in 
the  orbit  and  so  temporarily  nulled  his  PAN  with  oppositely  directed  gaze- 
evoked  nystagmus.  He  also  showed  saccadic  hypermetria. 

Other  neurological  findings  were  left-sided  facial  weakness,  a  hypoactive  gag 
reflex,  limb  dysmetria  that  was  more  pronounced  in  the  lower  extremities,  and 
gait  ataxia.  Although  his  skull  x-rays  were  normal,  both  myelography  and 
computed  tomography  with  metrizamide  showed  an  Amold-Chiari  malforma¬ 
tion.  On  January  25,  1980,  a  posterior  fossa  decompression  was  performed. 
Subsequently,  the  PAN  persisted,  although  occasionally  the  half  cycle  with  slow 
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phases  to  the  left  was  replaced  by  down-beating  nystagmus  in  the  primary 
position.  Two  months  postoperatively,  baclofen  was  started.  This  abolished  PAN, 
but  a  persistent  down-beating  nystagmus  remained  in  all  positions  of  gaze. 


Results 

Characteristics  of  PAN 

The  periods  of  oscillation  were  similar  in  each  of  our  three  patients  (235, 225, 
and  220  seconds  respectively)  in  both  the  light  and  the  dark.  An  excerpt  of  the 
record  from  patient  1  is  shown  in  Figure  1.  When  slow-phase  eye  velocity  was 
plotted  against  time,  it  was  apparent  that  in  none  of  our  patients  were  the 
oscillations  truly  sinusoidal;  the  velocity  built  up  faster  than  it  declined  in  each 
half  cycle.  For  patients  2  and  3,  the  oscillations  were  the  same  while  in  darkness 
and  during  fixation  of  a  light- emitting  diode.  The  peak  slow-phase  velocity  was 
37  and  20°/second  respectively.  For  patient  1,  however,  the  peak  slow-phase 
velocity  was  greater  in  darkness  (20°/second  versus  14.5°/second  in  the  light). 
During  attempted  fixation  of  a  stationary  spot,  there  were  episodes  of  7  to  10 
seconds — at  the  time  when  nystagmus  reversed  direction— when  the  eyes  were 
stationary,  so-called  null  periods  (Figure  2). 


Figure  1.  Horizontal  electro-oculograph  record  of  PAN  in  patient  1,  while  in  darkness. 
The  time  scale  at  the  top  is  in  seconds.  The  four  records  shown  are  continuous. 
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Figure  2.  Temporal  profile  of  slow-phase  velocity  of  PAN  in  patients  1  (A)  and  2  (B);  note 
the  difference  in  velocity  scales.  Solid  lines  indicate  PAN  during  attempted  fixation  of  a 
light-emitting  diode;  data  points  (•)  are  for  PAN  while  in  darkness.  Patient  1  showed  slower 
peak  slow-phase  velocity  during  attempted  fixation  in  light  than  in  darkness;  in  light,  a 
"null  period”  occurred.  Patient  2  showed  no  significant  difference  of  PAN  characteristics 
whether  in  light  or  darkness. 


Vestibulo-Ocular  Responses 

Rotational  stimuli  (velocity  steps  of  60°/second)  were  applied  in  darkness  at 
times  when  the  nystagmus  was  changing  direction.  In  two  patients  this  resulted 
in  compensatory  eye  velocities  with  gains  (initial  eye  velocity/initial  head 
velocity)  greater  than  1  (1.2,  0.9,  and  1.1  for  patients  1,  2,  and  3  respectively). 
However,  the  response  decayed  more  rapidly  than  normal,  suggesting  a 
decreased  time  constant  during  constant-velocity  rotation;  a  typical  value  was 
three  seconds.  Such  rotations  "reset”  the  oscillation'  causing  a  transient  change 
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Figure  3.  The  effects  of 
rotational  stimuli  in  darkness 
(velocity  steps)  on  the  PAN  of 
patient  1.  Stimuli  (striped 
bars),  started  at  times  of  rever¬ 
sal  of  PAN,  caused  a  phase 
advance  in  the  oscillations  in 
A  and  phase  lag  in  B.  The 
values  of  data  points  off  scale 
are  as  indicated  by  arrows. 
The  stimulus  in  C  was  chosen 
to  temporarily  stop  the  PAN. 
These  waveforms  will  be 
compared  to  those  obtained 
from  a  computer  simulation 
(Figure  5). 
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in  the  amplitude  and  permanent  shift  of  the  phase  of  the  oscillations  (Figure  3). 
The  significance  of  this  will  be  discussed  later. 


Smooth  Ocular  Pursuit 

Neither  patient  2  nor  3  showed  any  preservation  of  smooth-pursuit  tracking. 
However,  patient  1  did  show  some  ability  to  generate  smooth  eye  movements  at 
low  velocities.  Pursuit  was  measured  during  the  brief  “null  periods.”  The  pursuit 
gains  (eye  velocity /target  velocity)  for  target  velocities  of  5,  10,  and  20°/second 
were  0.65, 0.55,  and  0.65  respectively.  Once  the  spontaneous  nystagmus  began  its 
next  half  cycle,  however,  the  patient’s  ability  to  track  smoothly  appeared  to 
deteriorate  rapidly. 


Optokinetic  Responses 

Because  the  response  of  humans  to  a  moving  optokinetic  drum  mainly  reflects 
pursuit  function,®  we  tried  to  evaluate  the  performance  of  the  optokinetic  system 
by  measuring  the  after-nystagmus  (OKAN)  in  darkness,  following  a  50-second 
period  of  optokinetic  stimulation  at  60°/second.  OKAN  in  humans  is  not  striking, 
and  OKAN  would  be  obscured  by  the  ongoing  PAN.  Consequently,  we  had  to  see 
if  the  normal  course  of  the  PAN,  which  is  quite  regular  and  predictable,  was 
perturbed  by  the  optokinetic  stimulus.  Judged  this  way,  no  patient  showed  any 
evidence  of  optokinetic  function:  there  was  no  change  in  predicted  slow-phase 
velocity  or  any  resetting  of  the  PAN. 


Effects  of  Drug  T reatment 

Patient  1  was  able  to  take  the  drug  baclofen  at  a  dose  of  30  mg/day.  This 
abolished  the  PAN  in  both  light  and  darkness.  However,  her  smooth-pursuit 
performance  remained  impaired  but  now  in  an  asymmetric  manner.  Thus  at  a 
target  velocity  of  5°/second,  the  gain  was  0.7  to  the  right  but  0.4  to  the  left;  at 
lOVsecond,  0.6  to  the  right  and  0.2  to  the  left;  and  at  20<7second,  0.6  to  the  right 
and  0.25  to  the  left.  There  was  no  apparent  recovery  of  optokinetic  function,  as 
judged  by  absence  of  OKAN.  Rotational  stimuli  applied  in  darkness  produced 
vestibulo-ocular  responses  whose  gain  was  1.1.  With  sustained  rotation  of 
60°/second,  compensatory  eye  velocity  declined  in  a  nonexponential  manner; 
there  was  an  initial  rapid  fall,  lasting  about  8  seconds,  followed  by  cessation  of 
eye  movements  within  40  seconds.  A  reversal  phase  of  postrotary  nystagmus 
sometimes  was  evident. 

Because  of  possible  cardiac  side  effects,  patient  2  was  unable  to  take  baclofen 
for  more  than  a  few  days,  though  she  noted  some  improvement  in  her  vision 
during  this  period.  Unfortunately  we  were  unable  to  examine  her  while  she  was 
taking  the  medication. 

On  baclofen  (30  mg/day),  patient  3  showed  resolution  of  PAN.  However, 
marked  gaze-evoked  nystagmus  and  a  persistent  down -beat  nystagmus  still  were 
evident. 
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Figure  4.  A  model  of  the  optokinetic  system  and  vestibulo-ocular  reflex,  which  we  have 
used  to  simulate  PAN.  Head  velocity,  H,  is  transduced  by  the  semicircular  canals  (see)  into 
the  neural  output  signal  Hc.  Tc  is  the  cupula  time  constant,  and  s  is  the  Laplace  transform 
complex  frequency.  Hc  passes  to  the  vestibular  nucleus,  vn,  and  after  a  sign  change  it 
becomes  an  eye  velocity  command  £'.  which  drives  the  eyes  through  the  extraocular 
muscles  (EOM)  at  velocity  E.  This  pathway  is  a  simplified  version  of  the  vestibulo-ocular 
reflex.  E  sums  with  H  to  give  slow-phase  gaze  velocity  in  space,  G.  The  optokinetic  system 
is  stimulated  by  retinal-image  velocity,  e— the  difference  between  the  velocity  of  the  visual 
world,  W,  and  G— when  the  lights  are  on  (indicated  by  switch,  sw,  being  turned  to  L;  it  is 
open  in  darkness,  D).  The  error  signal  e  passes  via  the  nucleus  of  the  optic  tract,  not,  to  the 
nucleus  reticularis  tegmenti  pontis,  nrtp,  where  an  efference  copy  of  eye  velocity  E'  is 
added  to  e  to  give  VVh,  the  velocity  of  the  environment  with  respect  to  the  head.  Since  the 
seen  world  never  moves,  -VVh  is  the  visual  system’s  estimate  of  head  velocity  in  space,  Hv. 
The  high-frequency  components  of  H„  are  filtered  out,  and  the  resulting  optokinetic  signal, 
is  added  to  Hc  in  the  vn.  The  sum,  H',  is  the  brain’s  best  estimate  of  rotational  head 
velocity.  A  central  adaptation  operator,  l/(sTJ,  monitors  the  slow-phase  eye-velocity 
command  E'  and  acts  to  eliminate  persistent  nystagmus  by  sending  a  signal  back  to  the  vn  to 
cancel  the  source  of  vestibular  imbalance.  Normally  the  value  of  gain,  k,  is  slightly  smaller 
than  1.0,  but  we  postulate  that  for  PAN  to  occur,  k's  value  increases  and  if  the  retinal-error 
signal  e  is  denied  access  to  the  nrtp,  the  system  becomes  unstable.  To  constrain  the 
oscillations,  we  have  introduced  the  nonlinearity  shown  in  the  inset,  whose  output  is  k(E'). 
For  the  system  to  oscillate,  the  slope  of  this  function  at  the  origin,  k0,  must  meet  the 
specifications  shown  by  Equation  1  in  the  bottom  left.  The  period  of  these  oscillations,  P,  is 
approximated  by  Equation  2. 


Development  of  a  Hypothesis  for  PAN 

On  the  basis  of  clinical  observations  over  several  years,  of  a  patient  who 
eventually  developed  PAN,  Komhuber  suggested  that  this  phenomenon  was  an 
exaggeration  of  a  vestibular  response  shown  by  normal  subjects:  the  reversal 
phase  of  postrotary  nystagmus.’  This  reversal  phase,  also  called  secondary 
nystagmus  or  post-postrotary  nystagmus,  occurs  during  or  on  stopping  a  sustained 
rotational  stimulus  (velocity  step).  After  the  primary  vestibular  reaction  has  died 
away,  a  weaker  secondary  response  develops,  with  slow  phases  in  the  opposite 
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direction  (i.e.,  toward  the  side  of  head  rotation).  This  reversal  phase  has  been 
attributed  to  a  vestibular  adaptation  or  repair  process  that  acts  to  null  persistent 
unidirectional  nystagmus.’0,11  We  also  have  noted  this  phenomenon  and  simu¬ 
lated  PAN  by  using  a  model  of  the  vestibulo-optokinetic  system  to  which  has 
been  added  a  vestibular  adaptation,  or  repair,  circuit  that  can  produce  such 
reversal  phases  of  nystagmus. 

Our  model  makes  use  of  the  behavioral  and  neurophysiological  observations 
that  support  a  symbiotic  relationship  between  the  vestibulo-ocular  and  optoki¬ 
netic  systems.  Though  the  vestibulo-ocular  reflex  enables  compensatory  eye 
movements  and  hence  clear  vision  for  transient  head  turns,  its  performance 
declines  during  sustained  rotations.  In  this  latter  circumstance,  optokinetic  drives 
maintain  compensatory  eye  movements.1213  Neurophysiological  data  from 
primates  suggest  a  linear  combination  of  vestibular  and  optokinetic  signals  within 
the  vestibular  nucleus. t4,ls  We  started  with  a  simple  description  of  the  vestibulo- 
ocular  reflex  (Figure  4).  Head  velocity,  H,  is  transduced  by  the  semicircular 
canals  (with  a  cupula  time  constant  Tc),  and  the  ensuing  neural  signal,  Hc  (after  a 
sign  change),  becomes  an  eye-velocity  command,  E'.  The  visual  signal  that 
stimulates  the  optokinetic  system  is  retinal-error  velocity  (e),  which  is  the 
difference  between  the  velocity  of  the  visual  world,  W,  and  slow-phase  eye 
velocity  in  space  or  gaze  velocity,  G.  (The  velocity  of  the  visual  world  is  zero, 
except  under  the  artificial  circumstances  of  sitting  within  a  rotating  optokinetic 
drum.)  In  rat,  rabbit,  and  cat,  the  e  signal  is  relayed  to  the  nucleus  of  the  optic 
tract  in  the  pretectum.16 18  The  main  thesis  of  the  optokinetic  model  is  that  the 
visual  system  deduces  head  velocity  independently  of  the  semicircular  canals 
since,  as  shown  by  the  inset  waveform,  the  canal  signal,  Hc,  reflects  only  the 
transient  or  high-frequency  component  of  head  velocity.  To  do  this,  e  is  added  to 
E'— an  internal  corollary  discharge  or  efference  copy  of  eye  velocity18,20— to 
obtain  Wh,  the  velocity  of  the  environment  with  respect  to  the  head  (the  gain,  k.  of 
this  pathway  is  close  to  1.0).  Since  the  visual  world  never  moves  in  nature,  -  Wh 
must  equal  the  head  velocity  in  space  according  to  the  visual  system,  Hv.  To  avoid 
duplicating  the  transient  signal  already  supplied  by  Hc,  the  high-frequency 
components  must  be  filtered  out  of  Hy  so  that  the  filter  output,  Hot,  supplies  only 
the  sustained  signal.  Consequently,  this  filter  has  the  same  time  constant,  Tc,  as 
that  of  the  cupula.  The  sum  of  Hok  and  Hc  then  becomes  a  good  re-creation  of 
actual  head  velocity,  H\  in  the  vestibular  nucleus  (VN). 

It  now  appears  that  in  the  rat,  a  major  relay  station  for  optokinetic  signals 
between  the  nucleus  of  the  optic  tract  and  the  VN  is  the  nucleus  reticularis 
tegmenti  pontis  (NRTP).1*  Moreover,  the  VN  projects  back  to  the  NRTP  to  form  a 
positive  feedback  loop,  as  shown  in  Figure  4.21  By  incorporating  this  positive 
feedback  loop  as  shown  in  the  model,  we  account  for  several  observed  features 
of  the  optokinetic  and  vestibular  responses.22  In  particular,  the  discrepancy 
between  the  time  constant  of  the  vestibulo-ocular  reflex  and  cupula  time 
constant  is  explained.  Moreover,  the  model  will  account  for  most  optokinetic 
behavior  (open  and  closed  loop)  including  OKAN.  The  elements  described  so  far, 
however,  do  not  account  for  the  reversal  phase  of  postrotary  nystagmus  (nor  do 
they  account  for  the  rather  weak  reversal  phase  of  optokinetic  after¬ 
nystagmus — OKAAN).  To  do  this,  we  have  added  a  central  adaptation  operator 
(l/sTr  in  Figure  4)  similar  to  that  proposed  by  other  workers.10”  This  would  act  to 
repair  or  balance  the  activity  in  the  left  and  right  vestibular  nuclei  (here 
represented  by  positive  and  negative  values).  Courjon  et  al.  have  shown  in  the  cat 
that  the  recovery  of  nystagmus  from  peripheral  vestibular  lesions  requires  a 
rebalancing  of  central  vestibular  structure  that  is  dependent  on  both  visual  and 
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nonvisual  “motor”  factors.23  They  showed  that  motor  factors  alone  could 
compensate  for  most  of  the  nystagmus.  Since  PAN  occurs  in  both  light  and 
darkness,  we  have  assumed  that  the  motor  factors  are  important  here  and  have 
represented  their  action  as  a  perfect  integrator  in  negative  feedback.  This 
integrator  monitors  slow-phase  eye  velocity,  and  if  this  persists  unidirectionally 
for  any  length  of  time  (e.g.,  10-20  seconds),  it  begins  to  send  a  bias  signal  back  to 
the  VN  to  eliminate  the  source  of  the  nystagmus.  There  can  be  little  doubt  that 
such  a  mechanism  exists,  but  the  neural  circuits  that  effect  it  are  not  agreed  upon. 
With  this  addition,  the  model  simulates  both  postrotary  nystagmus  and  its 
reversal  phase;  it  also  causes  OKAAN,  the  reversal  phase  of  OKAN.9 


Using  the  Model  to  Simulate  PAN 

Our  first  assumption,  based  on  the  finding  of  impaired  pursuit  and  optokinetic 
function  in  our  patients  and  the  fact  that  neither  of  these  systems  could  stop  PAN, 
was  that  the  retinal-error-velocity  signal  could  not  be  used.  Deprived  of  this 
input,  we  postulated  that  our  patients  were  unable  to  make  the  parametric 
adjustment  necessary  for  normal  functioning  of  the  vestibular  and  optokinetic 
systems.  For  example,  visual  inputs  have  been  shown  to  be  necessary  in 
maintaining  the  gain  of  the  vestibulo-ocular  reflex  at  an  optimal  value.24  Loss  of 
this  input  could  account  for  the  abnormally  high  gain  of  this  reflex  in  our 
patients.  We  postulated  that  the  value  of  k  is  adjusted  similarly  and  that  when  the 
retinal-error  signal  is  not  accessible,  parametric  adjustment  no  longer  is  possible 
and,  for  unknown  reasons,  k  increases  to  a  value  greater  than  unity.  As  k 
increases  in  our  model,  the  reversal  phase  of  postrotary  nystagmus  becomes 
larger  until  the  system  becomes  unstable  and  starts  to  oscillate.  In  a  linear  system, 
the  amplitude  of  such  oscillations  would  grow  unrestrained;  but  in  any  biological 
system,  they  always  are  constrained  by  some  limit.  Consequently,  we  have 
included  a  nonlinearity,  k(E'),  in  the  optokinetic  feedback  path  shown  by  the 
inset  in  Figure  4.  The  slope  of  this  function  at  the  origin,  kOI  must  increase 
beyond  1  +  (Tc/Tr)  before  the  system  begins  to  oscillate. 

Intuitively,  if  k0  is  too  large,  the  positive  feedback  loop  in  Figure  4  is  unstable 
because  any  signal  in  the  loop  runs  around  the  loop  and  adds  to  itself,  causing  the 
signal  to  increase  toward  saturation.  The  repair  circuit  then  is  stimulated  to 
generate  a  bias  that  will  cancel  the  signal  in  the  optokinetic  loop.  But  when  eye 
velocity  becomes  zero,  the  signal  in  the  optokinetic  loop  simply  runs  away  in  the 
opposite  direction.  This  process  continues,  eye  velocity  alternately  running  away 
and  being  “repaired,”  thereby  creating  the  oscillation  of  PAN.  It  may  be  shown, 
using  small-signal  analysis  of  the  system,  that  the  period  of  oscillation  is 
determined  approximately  by  the  optokinetic  and  adaptive  time  constants  (Tc 
and  Tr,  see  equations  in  Figure  4).  If  the  former  is  5  seconds,  then  the  adaptive 
time  constant,  T„  is  required  to  be  about  170  seconds  for  the  system  to  oscillate 
with  a  period  similar  to  that  of  our  patients'  PAN.  The  latter  value  should  not  be 
confused  with  the  time  constant  of  adaptation  measured  by  Malcolm  and  Melvill 
jones,"  which  probably  partly  reflects  peripheral  vestibular  adaptation. 

It  is  not  difficult  to  propose  a  hypothetical  circuit  that  will  oscillate,  so  we 
sought  some  way  to  test  this  particular  model,  that  is,  to  ask  the  model  to  predict 
the  behavior  of  a  patient  when  subjected  to  some  sort  of  experimental  manipula¬ 
tion.  There  are  only  two  natural  stimuli  that  might  affect  the  system:  visual  and 
vestibular.  And  since  these  patients’  responses  to  visual  stimuli  were  poor,  this 
left  vestibular  inputs  as  a  possible  stimulus.  Our  first  question  was  whether  the 
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oscillations  could  be  disturbed  by  vestibular  stimulation.  It  already  had  been 
shown  that  caloric  stimuli  could  affect  PAN,4  but  we  needed  a  more  quantitative 
demonstration.  Thus  we  submitted  our  patients  to  sustained  (velocity-step) 
rotations  of  different  magnitudes  and  found  transient  changes  in  amplitude  and 
permanent  changes  in  phase  of  PAN.  Some  of  these,  shown  in  Figure  3,  will  be 
used  to  support  our  model,  whose  predictions  are  shown  in  Figure  5. 

To  understand  how  our  nonlinear  model  predicts  the  effects  of  vestibular 
stimuli  on  PAN,  we  found  it  useful  to  utilize  a  phase-plane  analysis.  This 
employs  a  graphic  representation  for  the  behavior  of  the  system,  with  cumulative 
slow-phase  eye  position  (E)  plotted  on  the  abscissa  and  its  first  derivative,  eye 
velocity  (E),  plotted  on  the  ordinate.  Viewed  this  way,  the  oscillations  of  the 
system  appear  roughly  as  an  ellipse  called  a  limit  cycle  (Figure  5A).  If  k0  satisfies 
the  criterion  for  instability  shown  in  Figure  4,  the  system’s  state  (the  point 
defined  by  instantaneous  E  and  E)  spirals  away  from  the  origin  and  approaches 
the  limit  cycle  whose  amplitude  and  shape  are  determined  by  the  nonlinearity 
k(E').  Note  that  when  eye  velocity  crosses  through  zero,  cumulative  eye  position 
is  maximal  and  the  direction  of  the  nystagmus  changes.  Efforts  to  modulate  or 
stop  the  oscillations  by  applying  external  signals  will  only  be  temporary  and  the 
system  eventually  will  reenter  its  limit  cycle.  It  is  predicting  the  manner  in  which 
vestibular  pertubations  affect  the  oscillations  and  their  subsequent  return  to  the 
limit  cycle  that  comprises  our  main  method  of  testing  the  hypothesis. 

A  simple  test  stimulus  for  the  model  is  an  impulse  of  Hc.  This  causes  an  abrupt 
change  in  eye  velocity  but  only  a  slight  immediate  change  in  cumulative  eye 
position.  Consequently,  an  impulse  moves  the  point  representing  the  system’s 
state  straight  up  or  down  on  the  phase  plane  by  an  amount  proportional  to  the 
intensity  of  the  stimulus.  If  one  thereby  drives  the  system’s  state  to  a  point  inside 
or  outside  the  limit  cycle,  it  spirals  back  out  or  into  the  limit  cycle.  Using 
phase-plane  analysis,  it  is  possible  to  visualize  the  nature  of  the  disturbance 
caused  by  various  impulse  stimuli  delivered  at  certain  points  in  the  cycle  (Figure 
5).  An  impulse  of  the  canal  signal  may  be  approximated  by  a  step  change  in  head 
velocity,  which  causes  a  signal  Hc  that  is  a  decreasing  exponential  with  a  time 
constant  Tc,  because  the  canal  time  constant  is  much  shorter  (Tc  is  approximately 
5  seconds)  than  the  period  of  PAN  (230  seconds);  consequently,  we  compared  the 
behavior  of  the  model  and  the  patients  to  step  changes  in  head  velocity.  Figure  5 
shows  the  model’s  behavior  when  such  stimuli  are  applied  at  three  points  in  the 
cycle  of  oscillation.  The  phase  plane  representation  may  be  compared  with  the 
corresponding  calculated  time  course  of  eye  velocity,  also  shown  there.  Vestibu¬ 
lar  stimuli  applied  during  the  time  of  reversal  of  the  nystagmus  will  either  phase 
advance  (Figure  5C  and  D)  or  phase  lag  (Figure  5E  and  F)  the  oscillations  and 
cause  a  transient  increase  in  the  amplitude.  One  impulse  response  (Figure  5G 
and  H)  is  especially  inter*  .ting.  It  is  timed  so  as  to  drive  the  eye  velocity  and 
cumulative  position  to  zero  simultaneously;  the  oscillations  will  start  to  grow 
again  until  the  limit  cycle  is  reached.  This  is  seen  in  the  phase  plane  as 
movement  away  from  the  origin  along  an  unstable  spiral.  These  simulation 
results  may  be  compared  with  the  results  obtained  from  our  first  patient  (Figure 
3). 

We  did  not  attempt  an  exact  duplication  of  the  experimental  results;  we  did 
not  model  the  fact  that  in  patient  1,  peak  slow-phase  eye  velocity  in  darkness  was 
20°/second  to  the  right  but  14°/second  to  the  left.  This  probably  could  be  done, 
for  example,  by  making  k(E')  an  asymmetric  function.  The  model  did,  however, 
produce  a  waveform  similar  to  our  patients'  PAN,  with  eye  velocity  rising  in  each 
half  cycle  faster  than  it  fell.  Peak  eye  velocity  could  be  adjusted  exactly  by 


Cumulative  Eye  Position  (deg)  Time  (sec) 

Figure  5.  Computer  simulation  of  PAN  and  the  effects  of  rotational  stimuli  (velocity 
steps),  utilizing  the  model  shown  in  Figure  4.  Results  are  shown  as  phase  planes  (A,  C,  E, 
and  G)  and  corresponding  temporal  waveforms  (B,  D,  F,  and  H);  the  latter  may  be 
compared  with  the  results  from  patient  1  shown  in  Figures  2  and  3.  PAN  oscillations  are 
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varying  k(E').  The  period  of  oscillation  could  be  changed  by  varying  Tr.  We  could 
not  simulate  exactly  the  magnitude  of  the  responses  produced  by  steps  of  head 
velocity  because  the  intensity  of  the  vestibular  impulse  is  the  area  under  the 
cupula  waveform  Hc  (Figure  4),  which  is  AHTC  where  AH  is  the  change  in  head 
velocity.  All  three  patients  had  abnormally  small  effective  values  of  Tc  (about  3 
seconds).  We  could  have  simulated  the  step  responses  quantitatively  if  we  had 
made  Tc  small  in  the  model,  but  this  parameter  is  determined  by  cupula 
mechanics  and  we  had  no  evidence  that  they  had  changed.  More  likely,  Tc  is 
made  to  look  small  in  our  patients  by  some  central  vestibular  mechanism.  Apart 
from  this  exception,  the  model  did  correctly  reflect  the  phase  shifts  and  transient 
amplitude  changes  observed  when  steps  of  head  velocity  of  various  amplitudes 
and  directions  were  applied  at  any  point  in  the  cycle.  Indeed,  it  allowed  us  to 
calculate  the  vestibular  stimulus  shown  in  Figure  5G  accurately  enough  to  stop 
the  PAN  in  patient  1  for  more  than  20  minutes  on  one  occasion  (after  continuous 
oscillation  for  over  5  years).  When  k0  is  significantly  larger  than  1.0  (e.g.,  1.5),  the 
system  is  driven  close  to  the  limits  imposed  by  the  saturation  of  k(E').  These  are 
called  hard  oscillations.  When  velocity  steps  are  applied,  the  system  is  disturbed 
only  momentarily  and  the  state  quickly  comes  back  to  the  limit  cycle;  hence  these 
hard  oscillations  are  difficult  to  stop,  using  vestibular  stimuli.  This  was  the  case 
for  patients  2  and  3. 


Discussion 

As  described  elsewhere,  our  model  accounts  for  a  number  of  normal 
phenomena  encountered  during  investigation  of  the  vestibular  and  optokinetic 
systems:  the  fact  that  the  15-second  time  constant  of  the  vestibulo-ocular  reflex  is 
three  times  that  of  the  cupula,  the  open-  and  closed-loop  gains  of  the  optokinetic 
system,  and  OKAN.22  Other  models  exist  that  also  explain  many  of  these  normal 
phenomena.25  The  model  in  Figure  4  also  accounts  for  repair  of  spontaneous 
nystagmus  in  the  dark  and  reversal  phases  of  postrotary  nystagmus  and  OKAN. 
Our  optokinetic-vestibular  model  is  supported  by  neurophysiological  data;  in 
particular,  the  notion  of  a  positive  feedback  "storage”  loop  has  received  recent 
support.  As  mentioned  earlier,  Cazin  et  al.  have  found  evidence  to  support  a 
pathway  from  the  vestibular  nucleus  to  the  nucleus  reticularis  tegmenti  pontis 
and  back  again.21  The  model  also  satisfactorily  describes  the  features  of  PAN 
encountered  in  our  patients  while  in  darkness  and  the  way  in  which  vestibular 
stimuli  affect  the  oscillations.  Of  course,  the  latter  findings  could  be  only  a 
coincidence;  perhaps  there  exist  other  models  that  would  be  similarly  affected  by 
vestibular  stimulation.  In  any  case,  our  model  predicts  the  PAN  responses  to 
velocity  steps  of  various  sizes  with  some  accuracy,  as  was  most  evident  by  our 
success  in  temporarily  stopping  the  PAN  of  patient  1. 


shown  in  B.  In  A,  these  are  represented  in  a  phase  plane  by  the  elliptical  limit  cycle,  whose 
path  is  determined  by  nonlinearity  k(E')  and  the  time  constants  Tc  and  Tr.  Vestibular 
stimuli  will  cause  the  oscillations  to  be  temporarily  displaced  from  the  limit  cycle,  to  which 
they  will  eventually  return.  C  and  D  show  the  effect  of  a  stimulus,  applied  at  the  time  of 
reversal  of  the  nystagmus,  that  causes  a  phase  advance  in  the  cycle.  E  and  F  show  the 
effects  of  a  stimulus  that  causes  a  phase  lag.  G  and  H  show  the  effect  of  a  critically  timed 
stimulus  that  simultaneously  brings  cumulative  eye  position  and  eye  velocity  close  to  zero; 
the  oscillations  temporarily  cease  but  then  build  up  again,  spiraling  out  on  the  phase  plane 
to  reach  the  limit  cycle. 
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This  quantitative  hypothesis  does  not,  however,  attempt  to  explain  the 
interaction  of  the  pursuit  and  vestibulo-optokinetic  systems  either  in  animals  or 
in  our  first  patient,  who  was  the  only  one  to  have  clear  preservation  of  some 
smooth-pursuit  function  and  who  was  able  to  halt  briefly  the  nystagmus  as  it 
changed  direction  ("null  period”).  Our  other  two  patients  had  no  evidence  of 
smooth-pursuit  function  and  showed  no  “null  periods.”  The  problem  is  that  if 
one  simulates  the  pursuit  system  as  a  negative  feedback  system  designed  to 
minimize  retinal  slip,  such  a  system  would  stop  PAN  in  the  light.  (In  fact,  some 
patients  have  PAN  only  in  the  dark  or  after  the  development  of  blindness.)2-4 
There  are  possible  ways  around  this  difficulty,  using  the  corollary  discharge 
scheme  of  Yasui  and  Young20  and  assuming  that  this  “pursuit”  internal  positive 
feedback  loop  is  open  in  the  dark  and  operates  only  in  the  light.  With  this 
scheme,  we  could  simulate  the  fact  that  patient  1  had  some  pursuit  ability  but  that 
her  PAN  was  decreased  in  amplitude  only  slightly  in  the  light.  Neither  does  our 
model  give  a  clear  explanation  for  the  short  time  constant  of  the  vestibulo-ocular 
reflex,  shown  by  all  three  patients.  The  enhanced  gain  of  this  reflex,  however,  is 
compatible  with  our  hypothesis  that  there  is  an  inability  to  use  retinal  image 
motion  to  adjust  oculomotor  parameters. 

Previous  attempts  to  identify  the  neural  lesion  responsible  for  PAN  have 
dwelt  on  clinicopathological  correlation;  this  has  not  allowed  accurate  localiza¬ 
tion  of  the  site  of  the  disturbance.  Both  caudal  brain-stem  and  cerebellar 
abnormalities  have  been  reported.5  28-28  PAN  also  has  been  accompanied  by 
cerebellar  abnormalities  resulting  from  phenytoin  intoxication.6  Experimental 
ablation  of  the  floculus  or  cerebellum  in  the  primate  has  not  produced  PAN, 
although  impaired  pursuit,  down-beat,  gaze-paretic,  and  rebound  nystagmus  may 
occur.29-30  The  effectiveness  of  baclofen  in  treating  PAN  may  suggest  the  pharma¬ 
cological  nature  of  the  involved  neural  pathways.  Baclofen  is  a  synthetic  ana¬ 
logue  of  7-aminobutyric  acid  (gaba).  It  may  exert  its  inhibitory  action  by  blocking 
release  of  excitatory  neurotransmitters  such  as  glutamic  acid;  this  effect  may  be 
mediated  through  a  gaba  receptor.31 32  It  is  known  that  both  cerebellar  Purkinje 
cells  and  the  vestibular  commissural  system  utilize  gaba.33,34  Consideration  of  the 
specific  effects  of  baclofen  on  the  eye  movements  of  our  patients  gives  further 
evidence  of  the  site  of  this  drug's  action.  Baclofen  completely  abolished  PAN  in 
both  patients  1  and  3  in  light  and  darkness.  However  smooth-pursuit  ability 
remained  absent  in  patient  3  and  appeared  worse  in  patient  1  after  treatment 
with  baclofen,  indicating  that  PAN  and  pursuit  deficits  did  not  have  a  single, 
common  cause.  In  terms  of  our  model,  baclofen  seems  to  have  acted  upon  gain  k 
(lowering  it)  without  improving  pursuit  or  optokinetic  performance.  This  raises 
the  issue.  What  is  the  "anatomic”  localization  of  gain  k?  Figure  4  shows  k  in  the 
feedback  path  from  the  VN  to  the  NRTP,  but  the  model  would  behave  in  the 
same  way  if  k  were  located  in  the  forward  path  from  the  NRTP  to  the  VN,  a 
pathway  that  involves  the  commissural  system  between  the  two  VN.  While  both 
pathways  primarily  are  in  the  pons,  the  NRTP  also  projects  to  the  flocculus,35 
which  in  turn  projects  to  the  VN,  so  that  the  cerebellum  also  may  be  involved  in 
determining  the  value  of  k.  At  present  the  notion  of  a  VN-NRTP-VN  pathway 
depends  on  studies  in  the  rat.  It  is  possible  that  species  differences  exist  for  the 
optokinetic-vestibular  pathway  and  that  nuclei  other  than  the  NRTP  are  involved 
in  humans;  for  example,  there  are  reciprocal  connections  between  the  VN  and 
perihypoglossal  nuclei.38 

Another  issue  is  how  the  normal  value  of  k  is  maintained:  Is  this  an  example 
of  visually  mediated  parametric  control?  Both  visual  inputs  and  an  intact 
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cerebellum  are  required  for  parametric  modulation  of  the  vestibulo-ocular 
reflex.37”  PAN  occasionally  has  been  associated  with  blindness,  even  when 
evidence  of  other  neurological  dysfunction  was  lacking.4  The  eye  movements  of 
the  blind  show  other  features  that  suggest  disturbed  control  of  parameters  of  a 
variety  of  oculomotor  functions;  these  abnormalities  are  similar  to  those  resulting 
from  cerebellectomy.39  This  evidence  suggests  that  normal  visual  inputs  and 
normal  cerebellar  function  may  be  necessary  to  maintain  parameter  k  at  its 
correct  level. 

The  clinical  significance  of  the  successful  treatment  of  PAN  with  baclofen  is 
discussed  elsewhere.40  It  has  raised  the  possibility  of  pharmacological  treatment 
of  other  central  disturbances  of  oculomotor  control.  Our  present  study  might 
suggest  that  use  of  quantitative  hypotheses,  based  on  physiological  data,  will  give 
insight  into  the  mechanism  of  action  of  other  drugs  given  to  treat  abnormalities  of 
ocular  motility. 


Conclusion 

Eye-movement  recordings  of  three  patients  with  periodic  alternating  nystag¬ 
mus  were  analyzed  quantitatively.  Important  findings  were  as  follows: 

1.  Period  length  was  approximately  four  minutes  and  was  constant  for  each 
patient  in  light  and  darkness. 

2.  Smooth-pursuit  function  was  impaired  severely  in  one  patient  and  absent 
in  the  other  two.  There  was  no  evidence  of  optokinetic  responses  in  any  patient 
judged  by  optokinetic  after-nystagmus  (OKAN). 

3.  Rotational  vestibular  stimuli  produced  a  transient  change  in  PAN  ampli¬ 
tude  and  a  permanent  change  in  PAN  phase. 

4.  The  gain  of  the  vestibulo-ocular  reflex  (VOR)  was  one  or  greater;  the  time 
constant  of  the  VOR  was  short,  typically  three  seconds. 

We  used  current  physiological  data  to  formulate  a  model  that  accounted  for  most 
normal  vestibular  and  optokinetic  functions,  including  the  reversal  phase  of 
postrotary  nystagmus.  Using  data  from  our  patients,  we  made  two  changes  in  our 
model:  we  denied  access  of  visual  signals  to  the  optokinetic-vestibular  system 
and  increased  the  gain  of  an  internal  positive  optokinetic  feedback  loop.  This 
caused  the  system  to  oscillate  with  characteristics  similar  to  PAN.  We  then 
showed  that  the  model's  response  to  rotational  vestibular  stimuli  was  similar  to 
those  obtained  when  we  applied  such  stimuli  to  our  patients,  namely,  a  shift  in 
the  phase  and  a  transient  change  in  the  amplitude  of  the  oscillations.  We  used  the 
model  to  predict  successfully  a  critical  vestibular  stimulus  that  would  temporarily 
stop  PAN.  We  treated  two  of  our  patients  with  the  drug  baclofen,  which  did  not 
improve  smooth  pursuit  but  stopped  PAN.  Therefore  we  hypothesized  that 
baclofen  decreased  the  gain  of  the  internal  positive  feedback  loop,  a  circuit  for 
which  there  is  some  anatomic  and  physiological  evidence. 
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Introduction 

Head-extension  vertigo  is  not  always  due  to  vertebrobasilar  insufficiency  but 
sometimes,  depending  on  stimulus  conditions,  represents  a  physiological  instabil¬ 
ity  of  postural  balance.1  An  explanation  will  be  presented  for  physiological  ataxia 
dependent  on  head  position,  which  is  based  upon  the  unadapted  combination  of 
multisensory  inputs  from  the  stabilizing  systems. 


Basilar  Insufficiency 

Vertigo  and  postural  imbalance  induced  with  the  head  maximally  extended 
while  standing  and  terminated  abruptly  by  returning  the  head  to  a  neutral 
upright  position  are  frequently  reported  experiences.  Clinicians  usually  attribute 
these  symptoms  to  intermittent  basilar  insufficiency  caused  by  a  functional 
compression  of  the  vertebral  artery,  particularly  in  elderly  patients  with  ather¬ 
omas  or  with  cervical  spondylosis  and  osteophytes  narrowing  the  transverse 
foramina.2'*  Transient  attacks  of  vertigo  of  central  origin  are  the  commonest  early 
symptom  of  basilar  insufficiency  because  of  the  steep  pressure  gradient  from  the 
aorta  to  the  terminal  pontine  arteries,  which  are  long,  tenuous,  circumferential 
arteries  and  therefore  provide  a  most  vulnerable  blood  supply  for  the  vestibular 
nuclei.9  Also,  experimental  studies  on  blood  flow  in  cadavers  reveal  that  extreme 
head  positions  may  reduce  flow  through  one  or  another  of  the  vertebral  or  carotid 
vessels.5  Thus,  there  is  no  doubt  that  vestibular  vertigo  and  ataxia  and  drop 
attacks  can  be  precipitated  by  extreme  extension  or  rotation  of  the  neck,  at  least 
when  a  partial  obstruction  of  the  arteries  combines  with  a  sudden  fall  of  systemic 
blood  pressure,  e.g.,  in  a  patient  rising  from  a  chair  and  looking  up.  An 
association  of  dysfunctions  that  convinces  the  clinician  in  his  diagnosis  is  that  of 
vertigo  with  visual  disturbances  or  diplopia  or  motor  symptoms. 


Physiological  Head-Extension  Vertigo 

Apart  from  the  basilar  insufficiency,  however,  symptoms  of  a  to-and-fro 
vertigo  and  postural  imbalance  occur  frequently  in  young  and  healthy  people, 
e.g.,  elicited  by  overhead  work  while  standing  on  an  unstabile,  wobbling  ladder 
or  in  situations  in  which  visual  cues  are  conflicting  with  proprioceptive  input 
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(looking  up  at  moving  clouds).  Such  a  “normal”  instability  related  to  head 
position  can  be  demonstrated  easily  by  attempting  to  balance  on  one  foot  with  the 
eyes  closed  and  head  extended  as  compared  with  the  normal  head  position. 

Posturographic  measurements  reveal  a  significant  increase  in  body-sway 
amplitudes  induced  by  head  extension  alone,  particularly  when  the  “stabilizing" 
input  of  the  nonvestibular  sensory  systems  is  reduced  or  eliminated,  such  as  with 
eye  closure  and  standing  on  foam  rubber.  The  differential  effects  of  visual 
conditions  upon  head-extension  body  sway  provide  the  validation  of  our  hypoth¬ 
esis  that  this  imbalance  is  separate  and  distinct  from  transient  ischemia  of  the 
pontomedullary  brain  stem. 

Basically,  the  following  alterations  in  the  reafferent  sensory  consequences  of 
self-generated  body  sway  may  be  responsible  for  the  impairment  of  postural 
control  in  the  offending  (inducing)  head  position: 

1.  The  utricle  otholiths  that  transduce  shear  forces  are  beyond  their  optimal 
working  range  when  the  plane  of  the  utricular  macula  (approximately  parallel  to 
the  horizontal  semicircular  canal)  is  elevated  relative  to  its  normal  horizontal 
orientation  (~20°  flexion).  With  the  head  maximally  extended,  the  saccular 
maculae  (approximately  parallel  to  the  ipsilateral  anterior  semicircular  canal)  are 
rotated  predominantly,  which  causes  a  rotation  of  shear  forces  respectively.  The 
particular  saccular  contribution  to  postural  control,  however,  is  not  known  and 
may  be  less  adapted  just  as  is  the  case  for  the  semicircular  canals. 

2.  Visual  cues  that  correct  posture  change  their  direction  in  egocentric  spatial 
coordinates.  For  example,  vertical  retinal  slip  of  a  stationary  target  viewed  with 
the  head  elevated  indicates  fore-aft  body  sway.  Consequently,  the  compensatory 
postural  adjustments  due  to  otoliths  as  well  as  visual  signals  must  be  corrected  to 
reflect  the  change  in  coordinates. 

Posturographic  experiments  were  performed  in  order  to  clarify  whether 
physiological  head-extension  vertigo  is  a  vestibular  and/or  a  visual  vertigo.  As  a 
second  step,  healthy  subjects  were  trained  in  balancing  with  head  extension. 
This  was  done  in  order  to  determine  if  imbalance  is  due  to  a  constant  deficiency 
in  the  multiloop  control  of  posture  or  to  a  lack  of  practice  and  lack  of  sensorimo¬ 
tor  calibration.  Analysis  of  the  time  course  of  training  effects  will  be  discussed 
mainly  in  the  context  of  clinical  ataxia  therapy. 


Methods 

Subjects 

A  total  of  13  male  and  18  female  subjects  ranging  between  17  and  39  years  of 
age  (mean,  26)  were  employed  in  three  series  of  experiments  and  were  paid  for 
their  participation.  All  possessed  normal  sensorimotor  function. 


Apparatus,  Posturography,  and  Data  Analysis 

The  fore-aft  and  lateral  body  sway  at  free  stance  were  measured  separate’y 
and  simultaneously  by  use  of  a  stabilometer  platform.6  This  apparatus  transduces 
force  moments  exerted  on  foot  support  (torque  about  the  ankles  and  reaction 
forces  at  the  feet),  which  means  that  it  does  not  measure  simply  the  “static”  net 
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displacement  of  the  body’s  center  of  gravity  but  also  dynamic  components  due  to 
body  inertia.  The  latter  apparently  enhance  sway  amplitudes  predominantly  at 
higher  frequencies,  as  Gurfinkel  reports  that  the  dynamic  component  accounts 
for  less  than  10%  of  the  force  obtained  at  0.2  Hz  but  50%  at  0.5  Hz.7 

Stabilograms  were  both  stored  on  FM  magnetic  tape  for  further  computer 
analysis  and  displayed  on  a  strip-chart  recorder.  Fourier  power  spectral  density 
and  the  root-mean-square  fyi  -  (n',2f.1xiz)1/2]  were  selected  as  criteria  for  evalu¬ 
ation  of  postural  stability.  Although  Fourier  analysis  is  very  common  nowadays,  it 
requires  stationarity  of  the  stabilogram,  which  is  unlikely  to  be  achieved  during  a 
30-second  registration  period.  If  there  is  no  stationarity,  then  this  method  is 
inappropriate  because  it  may  introduce  frequency  components  not  present  in  the 
original  recording.  The  root-mean-square  (RMS)  represents  a  suitable  measure 
for  average  body  sway  during  a  certain  period  and  allows  for  an  easy  comparison 
between  the  effects  of  different  experimental  conditions.*'9 

A  digital  computer  (Intertechnique  IN  110)  was  used  for  analysis  of  30-second 
segments  of  sway  measurements  (high-pass  filter:  0.09  Hz,  60  dB/decade;  sample 
interval:  50  mseconds). 

Directional  Doppler  ultrasonography  (Velocimetre  D  800  Delalande)  having  a 
4-MHz  continuous-wave  signal  was  used  to  determine  possible  changes  in  blood 
flow  of  the  supratrochlear,  carotid,  and  vertebral  arteries  when  the  subjects 
extended  their  heads  maximally. 


Experimental  Procedure 

Subjects  were  placed  on  the  force-measuring  platform  and  were  tested  for 
body  sway  with  free  stance  under  different  conditions  of  head  position  with  the 
eyes  either  open  or  closed.  They  were  instructed  to  maintain  optimal  balance 
with  a  fixed,  preset  foot  position.  A  slab  of  foam  rubber  (height,  10  cm;  specific 
weight,  40  g/dm3)  was  placed  on  top  of  the  stabilometer  platform  and  covered  by 
a  second,  rigid  foot  support.  This  was  to  reduce  the  somatosensory  contribution 
(ankle-joint  receptors)  to  postural  control  and  therefore  to  enhance  dispropor¬ 
tionately  the  sensorial  weights  of  the  vestibular  and  visual  systems  that  were 
under  investigation.  The  head-extension  angles  (retroflexion,  face  up)  were 
measured  by  means  of  an  inclinometer  (mean,  54°). 

Experiment  1.  Effects  of  1  hour  of  postural  balance  training  under  four 
conditions:  eyes  open  or  eyes  closed  with  either  head  normal  upright  or 
maximally  extended  (n  -  11).  The  sequence  of  conditions  was:  eyes  open,  head 
normal  (30  seconds);  eyes  open,  head  extension  (30  seconds);  eyes  closed,  head 
normal  (30  seconds);  eyes  closed,  head  extension  (30  seconds).  The  2-minute 
period  of  balancing  was  followed  by  a  2-minute  resting  phase  such  that  during  1 
hour,  the  total  time  with  head  extension  was  15  minutes  (7.5  minutes,  eyes  open 
and  7.5  minutes,  eyes  closed). 

Experiment  2.  Effects  of  5  days  of  postural  balance  training  (1  hour  per  day) 
with  the  head  either  normal  and  facing  straight  or  toward  the  right  (eyes  closed) 
or  with  head  extension  with  the  eyes  either  open  or  closed  (n  -  20).  The  training 
again  consisted  of  2-minute  periods  and  pauses,  summing  within  1  hour  to  a  total 
time  of  8  minutes  of  head  extension  with  eyes  open,  8  minutes  of  head  extension 
with  eyes  closed,  and  8  minutes  of  the  head  turned  toward  the  right  with  the  eyes 
closed.  The  training  was  interrupted  by  three  measuring  phases  (duration,  3.5 
minutes):  at  the  beginning,  after  30  minutes,  and  the  final  control  after  60 
minutes. 

Experiment  3.  The  duration  of  the  effect  of  postural  stabilization  of  a  training 
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period  of  5  days  (1  hour  per  day)  with  head  extension  (procedure  as  in 
experiment  2)  was  assessed  with  weekly  measurements  of  postural  sway  up  to  40 
days  after  termination  of  training  (n  -  10). 


Results  and  Comment 
Blood  Flow 

In  none  of  the  subjects  did  extension  of  the  head  by  itself  cause  any  clinical 
signs  that  could  have  been  attributed  to  transient  ischemia  of  the  brain  stem  or 
cerebellum.  Also,  cerebral  blood  flow  as  measured  by  directional  Doppler 
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Figure  1.  Cerebral  blood  flow  as  measured  by  directional  Doppler  ultrasonography 
remains  unaffected  by  a  change  in  head  position  from  normal  upright  to  head  extension. 
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ultrasonography  remained  unaffected  by  the  challenging  head  position  for  the 
supratrochlear  as  well  as  for  the  carotid  and  vertebral  arteries  (Figure  1). 


Posture 

When  standing  on  a  firm  foot  support  with  the  eyes  and/or  the  somatosensors 
widely  compensating  for  the  "vestibular  deficiency,"  postural  imbalance 
induced  by  head  extension  was  comparatively  weak  or  absent  (Figure  2,  top). 
Postural  balance  with  head  extension  was  impaired  significantly,  however,  with 
the  eyes  closed  while  standing  on  a  slab  of  foam  rubber,  which  reduces  the 
reliability  of  the  joint  receptors  (Figure  2,  middle).  The  larger  amount  of 
forward-backward  sway  as  compared  to  lateral  sway  seems  to  be  unspecific 
since  it  reflects  mechanical  joint  characteristics  and  is  prominent  in  most 
experimental  and  clinical  ataxias.  In  some  subjects  the  first  trial  led  to  an 
irresistible  fall,  but  most  often  this  was  avoided  by  increased  sway  amplitudes, 
particularly  in  the  low-frequency  (1-Hz)  range  which  seems  to  activate  postural 
adjustments.  Patients  with  sensory  polyneuropathy  who  lack  accurate  positional 
sense  in  the  legs  exhibit  an  instability  with  head  extension  similar  to  normals 
standing  on  foam  rubber  (Figure  2,  bottom).  With  the  eyes  open  there  was  no 
significant  increase  in  sway  amplitudes,  which  is  indicative  of  the  redundant, 
multiloop  control  of  posture,  with  overlapping  functional  ranges  of  the  stabilizing 
systems  enabling  them  to  compensate  partially  for  each  other’s  deficiencies. 

One  hour  of  intermittent  practice  (total  time  of  head  extension,  15  minutes) 
caused  a  remarkable  improvement  of  balance.  The  mean  reduction  in  sway 
amplitudes  for  all  subjects  was  20-30%  of  the  100%  RMS  value  at  the  first  trial 
(Figures  3  and  4)  and  represents  an  exponential  short-term  training  effect.  The 
lower  slope  of  the  exponential  function  for  the  comparable  training  effect  with 
normal  head  position  (y  -  63.25  x  e‘000<m  versus  y  -  97.57  x  e~00077‘)  may  allow 
the  conclusion  that  head  extension  ataxia  and  improvement  by  training  in  part 
are  due  to  vestibulospinal  rather  than  purely  somatosensory  mechanisms.  Deter¬ 
mination  of  the  Fourier  power  spectra  reveal  that  destabilization  of  postural 
balance  is  the  most  pronounced  in  the  low-frequency  body  sway  (1  Hz)  and  that 
training  improves  sway  activity  over  the  whole  frequency  range  below  1  Hz. 
Within  the  multiloop  control  of  postural  stabilization,  each  of  the  visual,  vestibu¬ 
lar,  and  somatosensory  loops  seems  to  have  its  own  frequency  range  of  optimal 
function  with  some  overlap  between  the  ranges.  A  predominant  fore-aft  body 
sway  around  1  Hz  has  been  described  as  a  typical  vestibular  oscillation  due  to  the 
long  latency  and  high  threshold  of  vestibulospinal  reflexes,  which  fits  the  results 
by  Nashner  who  determined  the  latencies  for  a  vestibularly  induced  discharge  in 
the  gastrocnemius  muscle  to  be  200-300  mseconds.1011  In  our  experiments, 
however,  there  was  no  sharply  delineated  peak  at  1  Hz  although  postural  control 
was  based  mainly  upon  sensory  input  originating  from  the  vestibular  system. 

Figures  5-7  show  that  a  “short-term  daily  training  effect”  and  a  "long-term 
training  effect”  together  form  a  characteristic  sawtoothlike  curve  of  sway  activity, 
which  within  five  days  reaches  an  asymptote  at  40-50%  of  the  initial  sway 
activity.  Again,  the  exponential  functions  of  percent  reduction  in  mean  RMS 
values  of  the  fore-aft  and  lateral  sway  have  the  greatest  slope  for  the  head- 
extension  condition  as  compared  to  head  normal  upright.  Since  the  absolute 
sway  activity  is  not  greater  for  the  head  turned  toward  the  right  than  with  the 
head  facing  straight  ahead,  one  can  conclude  that  the  change  in  orientation  of 
shear-force  vectors  on  the  utricular  macula  has  no  significant  influence  on 
postural  control. 

For  all  head  conditions  with  the  eyes  open,  there  was  only  a  slight,  short-term 
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Figure  2.  Differential  effects  of  head  extension  and  normal  head  position  upon 
forward-backward  and  lateral  body  sway  (original  recordings)  with  the  eyes  open  or  closed. 
Normal  subjects  standing  on  a  firm  stabilometer  platform  (top);  normal  subjects  standing  on 
a  slice  of  foam  rubber  (middle);  and  patients  with  sensory  polyneuropathy  standing  on  a 
firm  platform  (bottom).  Postural  imbalance  is  the  most  pronounced  and  similar  for  the 
normal  standing  on  foam  rubber  and  the  patient  during  head  extension  with  the  eyes 
closed. 
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POSTURAL  SWAY 


A  B  .f.  26 

Figure  3.  Forward-backward  and  lateral  body  sway  of  a  normal  subject  (original 
recordings)  with  eyes  closed  and  head  extension  at  the  beginning  (A)  and  after  one  hour  of 
intermittent  practice  (B)  with  the  offending  head  position.  The  short-term  training  effect  is 
evident  for  both  the  fore-aft  and  the  lateral  sway. 


daily  training  effect  (Figures  4-7)  but  no  long-term  improvement  of  balance.  This 
is  suggestive  of  a  sufficient  visual  compensation  for  the  proprioceptive  deficiency 
that  makes  recalibration  of  “visuospinal”  reflexes  by  training  unnecessary. 
Vision  covers  a  large  frequency  range;  it  not  only  stabilizes  posture  in  the 
low-frequency  range  below  1  Hz  but  also  (with  a  latency  below  150  mseconds) 
contributes  to  rapid  motor  adjustments  during  postural  perturbations  or  during 
active  movements  and  concurrent  vestibular  excitation.12 ,5 
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With  respect  to  the  hypothesis  given  in  the  introduction,  our  experimental 
data  clearly  indicate  that  there  is  a  physiological  postural  instability  elicited  by 
maximal  head  extension  that  is  separate  and  distinct  from  basilar  insufficiency 
and  that  may  be  responsible  for  the  frequent  report  of  vertigo  due  to  unusual 
head  positions.  This  instability  is  of  particular  concern  and  even  may  cause  an 
unavoidable  fall  when  the  sensory  input  from  other  control  loops,  such  as  vision 
and  somatosensory  joint  receptors,  largely  is  eliminated  and  therefore  cannot 
compensate  for  the  vestibular  deficiency.  Thus,  patients  with  sensory  polyneu¬ 
ropathy  have  a  particularly  high  risk  of  succumbing  to  head-extension  vertigo 
because  of  the  lack  of  positional  sense  in  the  joints. 

The  experimental  posturographic  data  fit  the  assumption  that  postural  desta¬ 
bilization  mainly  is  due  to  reduced  accurate  head-  and  body-sway  information 
from  the  otoliths.  Head  extension  brings  the  utricular  otoliths  out  of  their  optimal 
working  range,  and  obviously  the  input  originating  from  the  saccular  otoliths  as 
well  as  from  the  semicircular  canals  is  not  sufficient  to  make  up  for  this  deficit. 
On  the  other  hand,  the  data  cannot  exclude  a  major  role  of  somatosensory 
mechanisms.  Visual  control  of  posture  seems  to  be  unaffected  by  a  change  in 
coordinates  (relative  to  postural  sway)  of  the  retinal  slip  of  stationary  targets 
viewed  with  head  extension  as  compared  to  head  normal. 

Simple  training  of  postural  balance  on  foam  rubber  improves  body-sway 
activity  and  therefore  postural  stability  within  five  days  by  30-50%.  The  time 
constants  of  both  the  development  of  a  long-term  training  effect  and  its  duration 
after  termination  of  training  (Figure  8)  must  be  of  particular  interest  for  sports 
physiologists  and  clinicians.  The  rapid  improvement  is  striking  in  spite  of  the 
relatively  short  training  phases,  as  is  the  long  duration  (weeks)  of  the  newly 
acquired  recalibration  of  sensorimotor  control  loops.  A  lack  of  sensorimotor 
exercise  causes  a  decrement  in  balance  performance,  best  known  as  a  transient 
ataxia  after  bed  rest.1617  This  balance  impairment,  which  is  improved  rapidly 
within  one  to  three  recovery  days,  is  independent  of  muscle  strength  because  it 
cannot  be  avoided  by  isotonic  or  isometric  exercise  in  bed.17  The  different  effects 
of  our  balance  training  on  postural  sway  with  eyes  open  and  eyes  closed  clearly 
show  that  the  process  of  sensorimotor  rearrangement  and  the  improvement  of 
balancing  are  related  to  the  degree  of  the  initial  instability.  The  greater  the  initial 
risk  of  falling,  the  greater  the  percent  reduction  in  sway  amplitudes  by  training. 
Consequently,  this  should  stimulate  the  clinician  to  make  it  a  strategy  in  ataxia 
therapy  to  expose  the  patient  increasingly  to  instabile  body  positions  in  order  to 
facilitate  rearrangement  and  recruitment  of  control  capacities.  Stance  and  gait 
aids  will  alleviate  only  transiently  patients’  balance  problems,  but  when  used 
continuously,  they  will  worsen  the  symptoms  because  the  multiloop  control 
rapidly  adapts  to  the  additional  feedback  and  support  that  they  provide. 


Summary 


Head  extension  may  cause  a  physiological  vertigo  and  postural  imbalance 
separate  and  distinct  from  basilar  insufficiency.  This  physiological  imbalance 
mainly  is  due  to  a  vestibular  sensory  deficiency  when  the  utricular  otoliths  are 
beyond  their  working  range  because  of  the  change  in  head  position.  Since  the 
intact  visual  and  somatosensory  control  loops  widely  compensate  for  the  vestibu- 
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Ficure  7.  Postural  balance  with  head  right  (effects  of  training).  Percent  reduction  in  RMS  values  of  body  sway  with  the  head  turned  right 
relative  to  the  head-elevation  condition  for  20  subjects  during  a  training  period  of  five  days.  The  absolute  sway  activity  is  not  greater  for  the  head 
turned  toward  the  right  than  with  the  head  facing  straight  ahead,  which  demonstrates  that  the  change  in  the  orientation  of  shear-force  vectors  on 
the  utricular  macula  has  no  significant  influence  on  postural  control,  Short-term  and  long-term  training  effects  are  comparable  with  those  of  the 
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Figure  8.  Postural  balance  with  head  extension  (outlasting  training  effect).  The  duration 
of  the  training  effect  on  postural  balance  with  head  extension  and  eyes  closed  for  10 
subjects.  Control  measurements  of  body  sway  after  a  training  period  of  five  days  reveal  that 
without  ongoing  practice,  postural  imbalance  becomes  exponentially  worse  with  a 
tendency  to  reach  the  pretraining  values  within  40  days  (at  least  for  the  fore-aft  activity). 


lar  deficiency,  head-extension  vertigo  is  of  particular  concern  only  in  certain 
stimulus  situations  or  diseases  in  which  the  stabilizing  input  from  the  eyes  or  joint 
receptors  is  reduced. 

Balance  training  on  foam  rubber  with  head  extension  and  closed  eyes 
improved  postural-sway  activity  up  to  50%  within  five  days.  A  daily  short-term 
training  effect  and  a  long-term  training  effect  together  form  a  typical  exponential 


Brandt  et  al. :  Postural  Imbalance 


649 


sawtooth  curve  of  postural  stability  over  time.  After  termination  of  training, 
learned  balance  skill  exponentially  returns  to  the  pretraining  values  within 
weeks.  The  percentage  of  improvement  through  training  depends  on  the  amount 
of  initial  instability.  Clinicians  should  treat  ataxia  by  exposing  patients  to 
stimulus  situations  producing  increasing  body  instability  in  order  to  activate 
sensorimotor  rearrangement. 
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Introduction 

The  occurrence  of  vestibular  symptoms  such  as  vertigo  and  nystagmus  upon 
acoustic  stimulation  is  called  the  Tullio  phenomenon.2*  It  can  be  produced 
experimentally  by  fenestrating  a  semicircular  canal  in  animals.*92*  In  man  it  was 
observed  following  canal  fenestrations,  a  now  obsolete  treatment  for  otosclerosis, 
but  also  can  occur  in  congenital  temporal  bone  abnormalities  or  infectious 
diseases  including  syphilis.'7  In  such  cases  it  is  believed  that  high-intensity 
acoustic  stimuli  cause  endolymph  flow  in  fenestrated  or  fistulated  semicircular 
canals  (cf.,  Reference  22).  Others  believe  that  sound  waves  themselves  or  eddy 
formations  cause  the  phenomenon.3®9  Similar  pathogenetic  mechanisms  might 
be  involved  in  most  cases  of  Tullio  phenomena  reported  in  the  literature.  The 
^mptoms  of  the  present  case  seem  to  be  somewhat  different  and  might  suggest 
that  the  otolith  organs  rather  than  the  semicircular  canals  are  involved  in  the 
pathogenesis. 


Case  Report 


A  44-year-old  male  patient  consulted  the  Neurological  Department  of  the  Univer- 
sjty  of  Ulm  because  of  the  complaint  of  dizzy  spells.  The  exploration  revealed  that 
such  spells  typically  occurred  on  exposure  to  changes  in  pressure  as  produced  by  loud 
noise  nose  blowing,  pressing,  obstructing  the  external  meatus  with  the  finger,  or 
altitude  changes  in  a  car  or  airplane.  However,  most  effective  was  his  own  speaking, 
when  uttering  certain  vowels  such  as  e  or  u.  The  reported  dizziness  turned  out  to  be  a 
rather  distinct  vestibular  sensation.  In  particular  he  reported  the  following  self- 
observations:  While  driving  his  car  and  talking  he  was  startled  by  the  appearance  of 
the  highway  tilting  to  the  right.  He  learned  to  produce  this  effect  at  will  by  phonating  e 
or  u,  which  led  to  an  apparent  rotation  of  the  surroundings  to  the  right.  A  similar 
experience  was  observed  when  he  was  closing  the  door  of  his  car.  The  phenomenon 
also  occurred  during  one  of  his  frequent  speeches,  which  he  had  to  give  professionally; 
with  certain  words,  the  audience  appeared  to  tilt  in  front  of  him.  From  his  wife  he 
learned  that  at  times  he  slightly  tilted  his  head  toward  his  left  shoulder  while 
speaking. 

The  history  revealed  an  acoustic  trauma  three  years  previously,  which  was  caused 
by  a  short  circuit  in  his  old  domestic  stereo  set  when  he  was  wearing  closed  earphones. 
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The  bang  was  reported  to  be  extremely  painful  and  to  have  caused  complete  deafness 
for  a  couple  of  minutes,  after  which  reduced  audition  slowly  returned.  The  right  ear 
was  more  affected  than  the  left.  He  did  not  notice  the  dizzy  spells  at  first,  but  half  a 
year  after  the  trauma  when  he  started  breathing  therapy.  It  was  at  that  time  that 
phonation  of  certain  vowels,  which  was  part  of  the  therapy,  caused  these  strange 
sensations. 

On  examination  under  Frenzel’s  glasses  in  a  dark  room,  a  pronounced  wheel 
rotation  of  the  eyes  was  observed  when  he  uttered  u  or  e.  The  patient  reported  that  the 
right  illumination  lamp  of  the  glasses  went  down  while  the  left  went  up.  With  longer 
utterances,  the  eyes  maintained  their  torsional  position  until  the  end  of  the  phonation. 
Eye  torsion  was  accompanied  by  a  slight  lateral  head  tilt  to  the  left.  There  was  no 
nystagmus  either  spontaneously  or  produced  by  head  shaking,  position,  or  positioning. 
All  other  neurological  examinations,  including  Unterberger's  stepping  test,  were 
normal  except  for  a  slight  and  inconsistent  deviation  to  the  right  in  B4r5ny’s  pointing 
test. 

Physical  ear,  nose,  and  throat  examination  showed  no  visible  pathology.  The  tone 
audiogram  was  typical  for  a  bang  trauma  showing  a  high-frequency  hearing  loss  of  50 
dB  at  4000  Hz  in  both  ears,  without  an  “air-bone  gap."  There  was  hardly  any  trouble  in 
speech  discrimination  and  no  evidence  for  recruitment  in  the  Bekesy  audiogram.  Cold 
and  warm  caloric  nystagmus  tests  showed  a  somewhat  smaller  excitability  of  the  right 
ear  as  compared  to  the  left.  However,  brain-stem  evoked-response  audiograms  (BERA) 
were  symmetrical,  and  radiology  and  computerized  tomography  were  normal.  With 
Siegle’s  ear  speculum,  eardrum  mobility  was  normal. 

Documentation  of  ocular  torsion  was  performed  photographically  by  using 
special  (fiberglass-illuminated)  Frenzel's  glasses  in  a  dark  room  and  a  camera 
with  a  highly  sensitive  film.  For  quantitative  evaluation  of  the  amount  of  ocular 
torsion,  a  line  was  drawn  through  a  distinct  landmark  on  the  iris  and  the  center  of 
the  pupil.  Its  angle  to  the  interpupillary  line  was  measured  from  photographs 
taken  at  rest  and  during  stimulation  (cf.,  FIGURE  1).  For  this  measurement,  the 
photographs  were  projected  onto  a  screen  with  angular  markings. 

Maximal  torsion  occurred  upon  shouting  e  and  was  14.6°  on  the  right  eye  and 
12.5°  on  the  left  eye.  The  average  of  12  measurements  showed  no  interocular 
difference:  8.53°  (standard  deviation  -  2.81)  for  the  right  eye  and  8.57°  (SD  =  2.0) 
for  the  left  eye.  Positive  pressure  of  the  Politzer  balloon  to  the  right  ear  led  to  a 
tonic  ocular  torsion  of  3.0°  (SD  =  0.42)  for  the  right  eye  and  3.05°  (SD  -  1.34)  for 
the  left  eye.  Negative  pressures  were  at  first  ineffective.  After  sealing  the  olive  of 
the  balloon  in  the  external  meatus  with  Vaseline®,  negative  pressure  produced  a 
small  counterrolling  to  the  opposite  side,  i.e.,  the  patient’s  right  side.  The  patient 
reported  that  surprisingly,  the  neon  lamp  on  the  ceiling  appeared  to  rotate  to  the 
left.  Rotation  of  the  surroundings  in  this  direction  previously  had  never  been 
observed  by  him.  Further  investigations  into  the  pathogenesis  of  the  phenome¬ 
non,  such  as  diagnostic  tympanotomy  and  a  glycerol  test,  were  refused  by  the 
patient. 


Discussion 

Rolling  (torsion,  cyclorotation,  wheel  rotation)  of  the  eyes  physiologically 
occurs  during  rotation  of  the  head  or  the  visual  surroundings  in  the  frontal  plane 
by  the  vestibulo-ocular  reflex  or  as  optokinetic  reaction.  As  in  the  other  two 
planes,  the  ocular  movement  tends  to  stabilize  the  retinal  image  in  space.  In 
animals  with  lateral  eyes,  ocular  torsion  compensates  for  pitch  and  may  have  a 
considerable  amplitude  (e.g.,  rabbit,  30°,  cf.,  Reference  16).  In  man  and  in 
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Figure  1.  Torsional  ocular  movements  in  man  induced  by  sound  (Tullio  phenomenon). 
Photographs  show  the  patient’s  eyes  through  Frenzel’s  glasses  in  a  dark  room  at  rest  (top) 
and  during  utterance  of  e  (bottom).  Angle  of  ocular  torsion  was  measured  by  relating 
landmarks  on  the  iris  to  the  interpupillary  line.  Here  maximal  torsion  is  shown,  amounting 
to  14.6°  on  the  right  eye  and  12.5°  on  the  left  eye.  For  quantitative  measurements,  the 
photographs  were  projected  onto  a  screen  with  angular  markings. 


animals  with  frontal  eyes,  ocular  torsion  compensates  for  (lateral)  tilt  and 
commonly  is  believed  to  be  smaller  in  amplitude  (ca.  6°;  for  exceptions,  cf. 
Reference  1).  During  head  tilt,  a  dynamic  component  of  ocular  torsion  can  be 
distinguished  from  a  static  component,  the  latter  keeping  the  eyes  in  a  constant 
position  until  the  end  of  the  stimulus  (cf.,  for  example.  Reference  2).  Phasic 
ocular  torsion  due  to  dynamic  tilt  is  associated  with  rotatory  nystagmus;  it  stems 
from  vertical  semicircular  canal  stimulation.  Tonic  ocular  torsion  due  to  static  tilt 
normally  is  caused  by  stimulation  of  otolith  receptors  and  is  not  associated  with 
nystagmus.  Nystagmus  of  otolith  origin  seems  to  be  restricted  to  exceptional  cases 
and  complex  stimulus  conditions. 

In  man,  ocular  torsion  first  was  reported  by  Hunter.14  Since  then  it  has  been 
produced  by  various  methods,  yielding  torsions  of  different  amplitudes  usually 
not  exceeding  8°.  Tilting  the  head  to  the  shoulder  induces  a  maximum  torsion  of 
about  8°, 2  while  torsion  appears  to  be  less  when  the  whole  subject  is  tilted  with 
respect  to  gravity  (5°)"  (for  review,  see  References  6  and  7)  or  with  linear 
horizontal  (lateral)  acceleration  (4°/g).25  The  ocular  movement  also  can  be 
induced  visually  upon  looking  into  an  optokinetic  drum  from  above,  as  first 
reported  by  Fischer  (mean  torsion  of  40).12  Using  special  optokinetic  (haploscopic) 
methods,  wheel  rotation  can  be  disconjugate,  i.e.,  either  convergent  or  divergent 
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(about  7°).21  The  effect  of  visual-vestibular  conflict  during  static  tilt  of  the  visual 
field  alone  was  first  reported  to  be  zero,  and  later  to  be  small  (0.29°).51013 

Our  torsion  amplitudes  are  surprisingly  larger  than  those  cited  above,  but 
apparently  do  not  represent  the  possible  maxima.  Using  afterimages  and 
repeated  training,  torsion  of  up  to  30°  can  be  achieved  voluntarily.1  Another 
surprising  fact  was  that  despite  the  large  amplitude  of  the  torsion,  no  nystagmus 
occurred.  Thus  the  common  explanation  for  the  Tullio  phenomenon— namely, 
stimulation  of  cupular  receptors,  as  suggested  for  patients  with  a  fenestrated  or 
fistulated  semicircular  canal22— is  difficult  to  apply  to  the  present  case.  Similar 
cases  of  sound-evoked  tonic  ocular  torsion  appear  to  be  rare  in  the  literature.  The 
case  reported  by  Spitzer  and  Ritter  possibly  could  resemble  the  one  presented 
here:  their  patient  showed  movement  of  the  head  similar  to  the  one  in  the  present 
case.23  Unfortunately  they  did  not  report  examining  for  ocular  torsion  with 
Frenzel’s  glasses. 

Thus  far,  we  could  not  specify  the  location  and  pathogenesis  of  the  Tullio 
effect  in  our  case  since  the  patient  refused  invasive  diagnostic  or  therapeutic 
procedures.  However,  on  the  basis  of  the  relevant  literature,  the  following 
possibilities  may  be  discussed:  (1)  window  ruptures  with  perilymph  fistulae;  (2) 
hydrops  of  the  labyrinth;  and  (3)  luxation  or  other  injuries  of  the  stapes  with 
possible  secondary  adhesions. 

Window  ruptures  have  been  observed  after  acoustic  trauma  (for  case  report 
and  short  review,  cf„  Reference  19).  Our  patient  showed  no  positional  fistula 
symptoms:  still  his  pressure-sensitive  Tullio  phenomenon  possibly  could  be 
interpreted  as  a  pressure  fistula  sign.  However,  his  normal  hearing  in  the 
low-frequency  range  and  the  absence  of  fluctuating  hearing  impairments  would 
be  against  this  notion.  On  the  other  hand,  an  endolymphatic  hydrops  theoreti¬ 
cally  could  be  the  cause,  since  in  this  condition  the  saccule  may  come  into  contact 
with  the  stapes  footplate.15  In  fact,  a  Tullio  phenomenon  can  occur  at  certain 
periods  in  the  course  of  Meniere’s  disease.18  It  is  not  known  whether  an  acoustic 
trauma  can  cause  a  hydrops,  let  alone  whether  such  a  hydrops  would  be  stable 
for  such  a  long  period  of  time  as  observed  in  our  case. 

The  third  possibility,  in  our  opinion,  seems  the  most  likely.  The  acoustic 
trauma  may  have  caused  a  luxation  of  the  stapes  footplate  deep  into  the 
vestibule,  which  was  the  case  in  one  of  Kacker  and  Hinchcliffe’s  Tullio  patients, 
caused  by  a  punctate  injury  to  the  left  ear.15  Exploration  of  the  left  middle  ear  in 
their  case  showed  a  subluxated  hypermobile  stapes  (the  base  of  which  had  been 
pushed  into  the  vestibule)  without  fistula.15  A  similar  lesion  may  be  caused  by 
loud  noise  and  could  bring  the  stapes  in  close  contact  to  the  otolith  receptors. 
According  to  Miller,  both  saccule  and  utricle  contribute  to  ocular  counterrolling, 
the  utricular  component  being  larger  and  the  saccular  component  smaller.20  It 
would  be  conceivable  that  either  both  or  one  of  the  receptor  organs  is  stimulated 
in  a  direction-specific  way  by  excursions  of  the  luxated  stapes. 

Since  an  elevation  of  pressure  in  the  external  meatus  was  able  to  elicit  the 
described  tonic  ocular  torsion,  an  explanation  in  terms  of  either  sound  waves  or 
eddy  formations  alone  cannot  account  for  the  effect  observed  in  our  patient.39 
Rather,  direct  mechanical  interaction  between  the  stapes  and  the  maculae  is 
involved. 

In  future  cases  of  Tullio  phenomena,  one  should  always  try  to  differentiate 
(1)  between  pure  ocular  torsion  and  torsion  with  additional  rotatory  nystagmus 
and  (2)  between  Tullio  phenomena  induced  by  sound  alone  and  those  also 
induced  by  pressure,  in  order  to  identify  possible  differences  in  the  origin  of 
Tullio  cases. 
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Summary 

A  44-year-old  male  patient  had  an  acoustic  trauma  three  years  previously, 
after  which  he  suffered  from  vertigo  and  tilting  of  the  environment  to  the  right 
when  uttering  the  vowels  u  or  e.  At  such  times,  a  tonic  eye  torsion  to  the  left, 
which  lasted  throughout  the  utterance,  was  observed  under  Frenzel’s  glasses 
along  with  head  tilt  to  the  left.  The  phenomenon  could  be  elicited  experimentally 
by  right-ear  stimulation  with  low-frequency  noise  (mean  frequency,  125  Hz;  90 
dB),  as  well  as  by  constant  pressure.  The  patient  also  reported  observing  the 
phenomenon  with  loud  noises,  nose  blowing,  obstruction  of  his  right  external 
meatus  with  the  finger,  and  with  altitude  pressure  changes  in  a  car.  This  suggests 
that  the  phenomenon  is  elicited  via  the  eardrum  and  the  ossicular  chain. 

Since  lateral  head  tilt  and  counterrolling  were  tonic  and  without  nystagmus,  it 
is  unlikely  that  one  of  the  semicircular  canals  is  involved  as  in  usual  Tullio  cases. 
Rather,  the  otoliths  may  play  a  role  in  pathogenesis.  Possible  causative  mecha¬ 
nisms  are  discussed  along  with  the  relevant  literature. 
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Introduction 

Electrical  stimulation  of  the  human  and  monkey  frontal  lobe  can  elicit  the 
conjugate  saccadic  eye  movements  that  usually  accompany  simultaneous  head 
movements.1'5  This  region  of  the  frontal  lobe  has  been  regarded  as  the  “frontal 
eye  field”  (FEF).  Simultaneous  bilateral  ablations  failed  to  produce  a  severe 
impairment  of  oculomotor  functions,  but  resulted  in  a  slight  inattentiveness  and 
fewer  spontaneous  eye  movements.8'10  Optokinetic  nystagmus  and  optokinetic 
after-nystagmus  were  unchanged  after  simultaneous  bilateral  ablations.11 12 

In  contrast  to  this,  three  striking  behavioral  changes  have  been  reported 
consistently  after  unilateral  ablation.81013'17  These  are  (1)  eye  and  head  deviation 
and  circling  gait  directed  to  the  lesion  side,  (2)  neglect  of  contralateral  visual 
stimuli,  and  (3)  strong  preference  for  the  ipsilateral  hand. 

The  FEF  classically  has  been  regarded  as  a  cortical  motor  area  responsible  for 
initiating  voluntary  eye  movements.  However,  single  cells  whose  activities  are 
related  to  the  eye  movements  were  found  to  discharge  not  prior  to  but  after  the 
onset  of  saccades,1819  and  effects  of  lesions,  mentioned  above,  gradually  disap¬ 
pear.  These  two  facts  have  discredited  the  hypothesis  that  the  FEF  is  a  primary 
cortical  motor  area  for  voluntary  eye  movement;  and  recent  ablation  experiments 
in  rhesus  monkeys  and  cats  have  suggested  that  the  FEF  is  involved  in  the  ability 
of  unpracticed  visual  search  and  the  ability  to  focus  spatial  attention.20  22 

On  the  other  hand,  there  is  some  evidence  suggesting  that  the  FEF  is  involved 
in  eye-head  coordination.  Bizzi  found  two  types  of  cells  related  to  eye  move¬ 
ments  and  another  type  of  cell  that  was  related  exclusively  to  head  turning  in  the 
monkey’s  (Macaca  mulatto)  FEF.1819  Guitton  and  Mandl  have  found  three  types 
of  cells  in  the  cat’s  frontal  oculomotor  area  that  discharge  in  relation  to  eye 
movements  and/or  neck-muscle  activity.23,24  Dubrovsky  and  Barbas  also  have 
found  that  electrical  stimulation  of  the  nerve  branch  to  the  dorsal  neck  muscles 
and  the  nerve  of  the  superior  rectus  muscle  elicited  field  and  single-cell  activity 
in  the  cat’s  FEF  regions.25,28  These  studies  indicated  the  coexistence  of  several 
types  of  cells  related  to  eye  and  head  movements  in  the  so-called  frontal  eye 
field. 

In  addition  to  this,  King  et  al.  recently  have  shown  in  the  cat  the  existence  of  a 
strong  electrophysiological  projection  from  the  FEF  to  cervical  motoneurons  and 
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the  vestibular  nuclei,  through  the  interstitial  nucleus  of  Cajal.27  All  these  findings 
seem  to  suggest  the  possibility  that  the  FEF  is  involved  in  eye-head  coordination. 

We  previously  investigated  eye-head  coordination  during  optokinetic  and 
vestibular  stimulation  in  normal  squirrel  monkeys  and  in  animals  with  lateral 
semicircular  canal  block.2*-30  A  similar  experimental  paradigm  was  used  in  this 
study  to  investigate  the  effect  of  FEF  ablations  on  eye-head  coordination  during 
optokinetic  and  vestibular  stimulation.  This  study  is  one  of  our  series  on  eye-head 
coordination  in  squirrel  monkeys. 


Methods 

Five  healthy  adult  squirrel  monkeys  (Saimiri  sciureus)  weighing  an  average  of 
750  grams  were  used  for  this  study.  First,  the  monkeys’  head  movements  were 
screened  using  a  specially  built  lightweight  helmet,  which  was  made  from  dental 
cement  and  had  a  vertical  aluminum  shaft  that  could  be  connected  to  the 
potentiometer. 

The  methods  of  head-  and  eye-movement  recordings  were  described  in  our 
previous  papers.2*'30  A  pedestal  was  implanted  chronically  on  top  of  the  monkey’s 
skull,  and  head  turning  in  the  yaw  plane  was  recorded  by  a  lightweight 
potentiometer,  which  registered  a  voltage  dependent  on  head  position.  Head 
movements  in  the  roll  and  pitch  planes  were  restricted.  Since  the  monkey’s  head 
was  maintained  as  close  as  possible  to  its  natural  position  in  daily  life,  the  plane 
of  the  lateral  semicircular  canals  was  pitched  up  about  20°  to  the  plane  of  head 
turning.  Eye  movements  in  the  horizontal  plane  were  recorded  by  d.c.  electro¬ 
nystagmography  using  platinum-needle  electrodes  inserted  subcutaneously  into 
the  bilateral  outer  canthi. 

The  animal  was  restrained  and  placed  on  the  rotational  table  located  at  the 
center  of  the  66-cm  diameter  white  optokinetic  drum.  The  optokinetic  drum, 
which  could  be  rotated  separately  from  the  table,  had  16  vertical  black  stripes  [1.7 
cm  wide  and  equally  separated)  that  covered  the  entire  visual  field.  All  record¬ 
ings  were  begun  20  minutes  after  intramuscular  injections  of  amphetamine 
sulfate  (0.5  mg/kg).  Spontaneous  nystagmus  in  the  dark  was  examined  after  the 
amphetamine  injection.  Tonic  head  deviation,  which  appeared  spontaneously  in 
the  dark  and  in  the  light,  also  was  investigated  after  the  amphetamine  injection. 

Eye  velocity  was  calibrated  using  a  30°/second  optokinetic  stimulation.  Both 
vestibular  and  optokinetic  responses  were  investigated  in  this  series.  The  ves¬ 
tibular  test  battery  (60°/second  and  100°/second  velocity-step  table  rotation)  and 
the  optokinetic  test  battery  (60°/second  and  lOOVsecond  constant-speed  drum 
rotation  for  50  seconds)  were  repeated  before  and  after  the  lesion  placement.  A 
five-minute  rest  was  permitted  between  each  recording  session.  Recording  was 
done  twice  a  week  to  avoid  the  habituation  effect  and  the  accumulation  effect  of 
amphetamine. 

After  more  than  five  recordings  were  obtained  in  each  test  situation,  a 
cerebral  cortical  lesion  was  placed  under  a  sterilized  surgical  procedure.  General 
anesthesia  was  induced  by  intraperitoneal  injection  of  sodium  pentobarbital  (30 
mg/kg).  The  frontal  bone  of  one  side  was  removed,  the  dura  was  opened,  the 
arcuate  sulcus  and  the  principal  sulcus  were  identified,  and  the  lesion  was  made 
by  subpial  aspiration  using  a  very-fine-gauge  glass  suction  pipette  under  the 
operating  microscope.  Special  care  was  taken  to  avoid  any  injury  to  the  underly¬ 
ing  subcortical  structures.  The  contralateral  operations  were  done  one  to  five 


658 


Annals  New  York  Academy  of  Sciences 


s 


months  after  the  first  operation  in  the  same  way,  and  recordings  were  repeated 
for  two  to  four  months.  One  monkey  died  accidentally  after  the  second  operation; 
therefore,  nine  sets  of  postoperative  data  were  available  in  this  series.  All 
electronystagmographic  data  were  analyzed  by  manual  calculations. 

On  completion  of  all  postoperative  recordings,  the  monkeys  were  sacrificed 
by  transcardiac  perfusion  with  10%  neutral  buffered  formalin  under  deep 
general  anesthesia  with  pentobarbital  sodium.  The  brains  and  temporal  bones 
were  processed  for  microscopic  examination. 


Results 

Spontaneous  Eye  and  Head  Nystagmus 

Prior  to  lesion  placement,  there  was  no  spontaneous  head  nystagmus  in  any  of 
the  five  monkeys,  but  spontaneous  eye  nystagmus  was  found  in  two  monkeys 
after  amphetamine  injection.  The  slow-phase  velocity  was  less  than  10°/second, 
with  no  directional  predominance  or  consistency.  Postoperatively,  there  was 
spontaneous  head  and/or  eye  nystagmus  with  fast  phases  directed  to  the 
operated  side,  but  not  to  the  intact  side. 


co 


POST- OP.  DAYS 


Figure  1.  Postoperative  change  of  tonic  head  deviation  in  the  dark  (No.  12011).  The 
abscissa  indicates  postoperative  calendar  days,  and  the  ordinate  indicates  tonic  head 
deviation  in  the  dark  (degrees).  Preoperative  mean  values  and  ±2  standard  errors  of  the 
mean  (SEM)  of  this  monkey  are  indicated  by  solid  and  dashed  lines  respectively  (n  -  6). 
Upward  arrows  on  the  abscissa  indicate  the  dates  of  first-stage  (left  side)  and  second-stage 
(right  side)  FEF  operations.  Note  that  dominantly  increased  tonic  head  deviation  in  the 
dark  directed  to  the  operated  side  was  seen  after  both  first-  and  second-stage  operations. 
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Figure  2.  Response  to  optokinetic  stimulation  at  lOOVsecond  in  a  normal  squirrel 
monkey.  The  stimulus  direction  of  record  A  and  that  of  B  are  opposite.  Both  records  A  and 
B  were  obtained  from  the  same  subject  on  the  same  experimental  day.  Upward  arrows 
indicate  the  starting  point  of  the  stimulus.  Upward  deflections  in  head-  and  eye-movement 
recordings  indicate  deviation  to  the  right.  Dashed  line  in  head-movement  recording  shows 
straight-forward  head  position.  Clear  head-and-eye  coupled  nystagmus  is  seen,  and  also  a 
negative  correlation  between  slow-phase  velocity  of  head-and-eye  coupled  nystagmus. 
Note  that  the  head  deviates  toward  the  side  of  the  fast  phases  of  nystagmus  immediately 
after  stimulus  onset. 


The  mean  maximum  slow-phase  velocity  of  the  spontaneous  head  nystagmus 
was  9.4°/second  in  five  of  the  nine  postlesion  conditions.  It  was  12.5°/second  for 
the  eye  nystagmus  (found  in  all  nine  postlesion  conditions)  and  17.6°/second  for 
the  gaze  nystagmus  (sum  of  head  and  eye  movements).  The  spontaneous  nystag¬ 
mus  lasted  more  than  one  month  in  eight  out  of  nine  postlesion  conditions. 
Spontaneous  head  nystagmus  disappeared  before  spontaneous  eye  nystagmus. 


Tonic  Head  Deviation 

Tonic  head  deviation  in  the  dark  usually  was  less  than  6°  and  was  not  more 
than  15°,  preoperatively.  It  was  evenly  distributed  to  both  sides  in  rM  ~  ~nkeys. 
Tonic  head  deviation  was  more  dominant  in  the  light  (mean  value  iG-.0"!  and 
also  was  distributed  evenly  to  both  sides.  Interanimal  differences  wei  'er  in 
the  light  than  in  the  dark. 

After  operation,  tonic  head  deviation  toward  the  operated  side  increased  in 
all  nine  lesion  conditions  both  in  the  dark  and  in  the  light.  The  mean  maximum 
tonic  head  deviation  to  the  operated  side  in  the  dark  was  33.7°.  The  change  in 
tonic  head  deviation  in  the  dark  was  almost  similar  after  the  first-stage  and 
second-stage  operations.  The  postoperative  increase  in  tonic  head  deviation  in 
the  dark  lasted  for  an  average  of  31.8  days.  A  representative  postoperative  course 
of  the  tonic  head  deviation  in  the  dark  is  shown  in  Figure  1. 
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Table  l 

Preoperative  Mean  Values  of  S low-Phase  Velocity  (Degrees/Second)  of  Head 
Nystagmus.  Eye  Nystagmus,  and  Gaze  of  Five  Monkeys* 


Head 

Eye 

Gaze 

OK  60 

24.2 

32.3 

56.5 

OK  100 

33.1 

57.3 

90.4 

*OK  60  and  OK 

100  indicate  60°/second  and 

lOOVsecond  optokinetic  stimulation 

respectively. 


Optokinetic  Responses 
Slow-Phase  Velocity  of  Head,  Eye,  and  Gaze 

During  optokinetic  stimulation,  monkeys  showed  coupled  head  and  eye 
nystagmus  (Figure  2).  To  calculate  slow-phase  velocity,  representative  beats  of 
head  and  eye  nystagmus  were  selected  based  upon  (1)  head  nystagmus  not  being 
interrupted  by  random  head  movement,  (2)  occurrence  of  head  and  eye  nystag¬ 
mus  being  coupled,  and  (3)  slow-phase  head  and  eye  velocity  being  constant  for  a 
minimum  of  three  seconds.  Preoperative  mean  values  of  slow-phase  velocity  of 
head  nystagmus,  eye  nystagmus,  and  gaze  of  five  monkeys  are  shown  in  Table  1. 
There  was  no  directional  predominance. 

Postoperative  changes  in  optokinetic  responses  are  summarized  in  Table  2. 
Since  the  general  trend  was  almost  the  same  for  optokinetic  stimulation  at 
60°/second  (OK  60)  and  at  lOOVsecond  (OK  100),  the  data  are  pooled  in  Table  2. 

Slow-phase  head  velocity  (SPHV).  As  shown  in  Table  2,  SPHV  decreased  in 
50%  of  postoperative  conditions  (after  first-  and  second-stage  operations)  when 
the  fast  phase  was  directed  to  the  lesion  side.  The  maximum  decrease  in  SPHV 
produced  by  OK  60  was  19.7°/second  and  by  OK  100  was  16.9°/second. 


Table  2 

Postoperative  Changes  of  Optokinetic  Responses* 


Slow-Phase  Velocity 


Frequency  of  Nystagmus 


Head 


Eye 


Gaze 


Head 


Eye 


Maximum 

Head 

Deviation 


Ipsi 

Contra 

Ipsi 

Contra 

Ipsi 

Contra 

Ipsi 

Contra 

Ipsi 

Contra 

Ipsi 

Contra 

Post  First  Operation 

Increase  0 

2 

4 

0 

3 

0 

6 

0 

5 

0 

8 

0 

Decrease 

4 

0 

0 

3 

0 

1 

0 

1 

0 

8 

(: 

8 

No  Change 

6 

B 

6 

7 

7 

9 

4 

9 

5 

2 

4 

2 

Post  Second  Operation 

Increase  0  0 

3 

1 

4 

0 

2 

2 

2 

1 

3 

0 

Decrease 

5 

0 

0 

2 

0 

0 

3 

4 

4 

6 

0 

8 

No  Change 

3 

8 

5 

5 

4 

8 

3 

2 

2 

t 

5 

0 

‘Results  of  stimulation  at  60°/second  and  lOOVsecond  are  pooled.  Ipsi  indicates  that  the 
fast  phase  of  nystagmus  was  directed  to  the  operated  side,  and  contra  Indicates  that  the  fast 
phase  of  nystagmus  was  directed  to  the  intact  side.  The  numbers  in  the  table  show  how 
many  times  the  pooled  responses  appeared  after  the  FEF  operations.  Slow-phase  gaze 
velocity  was  the  sum  of  the  slow-phase  velocities  of  head  and  eye  nystagmus. 
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This  change  disappeared  about  two  weeks  after  the  operations.  Only  two 
postoperative  conditions  showed  an  SPHV  increase  after  the  first-stage  operation 
when  the  fast  phase  was  directed  to  the  intact  side. 

Slow-pha se  eye  velocity  (SPEV).  There  was  no  change  in  SPEV  in  64%  of  the 
postoperative  conditions  after  both  first-  and  second-stage  operations  (Table  2). 
In  the  other  36%,  SPEV  increased  when  the  fast  phase  was  directed  to  the  lesion 
side  and  decreased  when  the  fast  phase  was  to  the  intact  side.  The  maximum 
increase  in  SPEV  was  48.3  “/second  and  44.3  “/second  for  OK  60  and  OK  100, 
respectively.  The  increase  disappeared  within  one  month  after  the  first-stage 
operation,  but  lasted  more  than  two  months  after  the  second-stage  operation.  On 
the  other  hand,  the  maximum  decrease  in  SPEV  was  15.2“/second  for  OK  60  and 
21.3“/second  for  OK  100.  The  decrease  disappeared  about  two  weeks  after  the 
operations. 

Slow-phase  gaze  velocity  (SPGV).  No  change  in  SPGV  was  found  in  70%  of 
animals  after  the  first-stage  operation  or  in  50%  of  animals  after  the  second-stage 
operation.  In  the  remainder,  SPGV  increased  when  the  fast  phase  was  directed 
to  the  lesion  side.  The  maximum  gaze  error  of  the  SPGV  increase  was  43.4“/ 
second  and  25.9“/second  for  OK  60  and  OK  100  respectively.  This  gaze  error 
disappeared  about  two  weeks  after  the  first-stage  operation,  but  has  lasted  more 
than  two  months  after  the  second-stage  operation.  In  contrast,  when  the  fast 
phases  were  directed  to  the  intact  side,  there  was  no  clear  change  in  SPGV. 

Thus,  SPHV  decreased  and  SPEV  increased  when  the  fast  phases  of  the 
nystagmus  were  directed  to  the  operated  side,  but  since  the  change  in  eye 
velocity  was  bigger  than  the  change  in  head  velocity,  gaze  velocity  showed  an 
overshoot  as  a  result.  The  representative  postoperative  time  course  of  the 
slow-phase-velocity  changes  are  shown  in  Figure  3. 


Frequency  of  Head  and  Eye  Nystagmus 

Preoperatively,  the  mean  frequency  of  head  nystagmus  (nystagmic  beats 
during  the  30  seconds  after  stimulus  initiation)  in  five  monkeys  was  70.4  for  OK 
60  and  85.0  for  OK  100.  The  mean  frequency  of  eye  nystagmus  was  108.5  for  OK 
60  and  122.9  for  OK  100.  As  shown  in  Table  2  and  Figure  4,  after  the  first-stage 
lesions,  the  frequency  of  both  head  and  eye  nystagmus  increased  in  more  than 
half  of  the  total  postoperative  conditions  when  the  fast  phase  of  the  nystagmus 
was  directed  to  the  lesion  side.  The  maximum  increase  in  head  nystagmus  was 
42.4%  for  OK  60  and  62.2%  for  OK  100,  and  in  eye  nystagmus  was  27.6%  for  OK 
60  and  23.2%  for  OK  100.  These  changes  lasted  for  more  than  one  month  after  the 
operation.  Frequency  of  eye  nystagmus  decreased  when  the  fast  phases  were 
directed  to  the  intact  side,  but  head  nystagmus  showed  no  clear  change.  The 
maximum  change  of  the  decrease  in  frequency  of  eye  nystagmus  was  23.3%  for 
OK  60  and  24.6%  for  OK  100.  After  the  second  lesions  were  made,  there  was  no 
clear  trend  in  either  eye  or  head  nystagmus  as  after  the  first  operation. 


Head  Deviation 

When  the  optokinetic  stimulus  started,  the  head  immediately  deviated  to  the 
side  contralateral  to  the  stimulus  direction.  This  head  deviation  was  transient  and 
gradually  returned  toward  the  center.  The  first  head  deviation  was  anticompen- 
satory,  followed  by  a  compensatory  head  deviation  toward  the  center  (Fig- 
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ure  2).  All  preoperative  recordings  showed  these  head  deviations.  In  five  normal 
monkeys,  the  preoperative  mean  maximum  head  deviation  was  36.4°  for  OK  60 
and  34.7°  for  OK  100.  There  was  no  directional  predominance,  preoperatively. 

After  both  the  first-  and  second-stage  lesions,  maximum  head  deviation 
increased  in  50%  of  the  postoperative  conditions  when  the  head  deviation  was 
directed  to  the  lesion  side,  and  decreased  in  89%  when  the  head  deviation  was  to 
the  intact  side  (Table  2).  This  change  lasted  more  than  one  month  after  operation. 
The  decrease  in  head  deviation  to  the  intact  side  was  clearer  than  the  increase  to 
the  lesion  side.  These  changes  in  maximum  head  deviation  partly  correspond  to 
the  tonic  head  deviation  in  light.  In  other  words,  after  each  lesion  the  head 
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Figure  4.  Optokinetic  responses  to  a  lOOVsecond  stimulus  two  days  after  right  FEF 
ablation  (No.  13546).  Upward  arrows  indicate  the  starting  point  of  the  stimulus.  Upward 
deflections  in  head-  and  eye-movement  recordings  indicate  deviation  to  the  right.  Dashed 
line  in  head-movement  recording  shows  straight-forward  head  position.  When  the  fast 
phase  was  directed  to  the  intact  side  (record  A),  the  tonic  head  deviation  did  not  cross  the 
centerline  but  was  directed  to  the  right  side  (direction  of  the  slow  phase).  In  contrast  to  this, 
when  the  fast  phase  was  directed  to  the  operated  side  (record  B),  frequency  of  head 
nystagmus  increased  and  the  tonic  head  deviation  was  directed  to  the  fast  phase  of 
nystagmus.  Its  maximum  value  (44.0°)  was  greater  than  the  preoperative  value  (30.0°). 


deviated  to  the  operated  side,  both  at  rest  and  during  active  head  movements. 
Figure  4  shows  the  representative  postoperative  head  deviations  induced  by  OK 
100. 


Negative  Correlation  Coefficient  of  Coupled  Head  and  Eye  Nystagmus 

Slow-phase  velocities  of  head  and  eye  nystagmus  are  negatively  correlated. 
This  means  that  when  head  velocity  becomes  higher,  eye  velocity  becomes  lower 
and  vice  versa  (Figure  2).  Thus  a  large  negative  correlation  coefficient  indicates 
good  eye-head  coordination  and  vice  versa.  The  preoperative  negative  correla- 
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tion  coefficients  of  the  five  monkeys  were  about  the  same  as  in  our  previous 
study.2* 

No  statistically  significant  change  of  negative  correlation  coefficient  was 
found  for  all  five  monkeys  after  both  first-  and  second-stage  lesion  placements 
(Fisher’s  Z  transformation:31  p  >  0.05).  Preoperative  and  postoperative  slow- 
phase  velocities  of  coupled  head  and  eye  nystagmus  of  one  representative 
monkey  are  plotted  in  Figure  5.  In  this  monkey,  the  correlation  was  weakened 
four  days  after  the  operation  (-0.64)  compared  to  that  in  the  preoperative  stage 
( -0.72),  but  this  change  was  not  significant  statistically  (p  >  0.05). 


Vestibular  Responses  to  Rotation 

When  the  table  was  accelerated,  maintained  at  a  constant  speed,  decelerated, 
and  stopped,  both  head  and  eye  nystagmus  were  induced  (Figure  6).  SPGV 
reached  its  maximum  value  (maximum  SPGV)  immediately  after  the  stimulus 
had  reached  a  constant  speed,  and  at  the  cessation  of  stimulation.  Head  nystag- 


Table  3 

Preoperative  Mean  Values  of  Maximum  SPGV  (Degrees/Second)  and  the 
Duration  (Seconds)  of  Eye  Nystagmus  Evoked  by  Vestibular  Stimulation* 


*V  60  and  V  100  indicate  60°/second  and  lOOVsecond  vestibular  stimulation  respec¬ 
tively.  PACN,  postacceleration  nystagmus;  PDCN,  postdeceleration  nystagmus. 


mus  disappeared  earlier  than  eye  nystagmus.  Preoperative  mean  values  of 
maximum  SPGV  and  of  eye  nystagmus  duration  in  five  monkeys  are  shown  in 
Table  3.  There  was  no  directional  predominance.  Postoperative  changes  of 
vestibular  responses  are  summarized  in  Table  4.  Since  the  postoperative  changes 
were  similar  for  vestibular  stimuli  of  60°/second  and  lOOVsecond  and  also  for 
nystagmus  in  the  postacceleration  period  (PACN)  and  the  postdeceleration 
period  (PDCN),  all  data  are  pooled  in  Table  4. 


Maximum  SPGV 

As  shown  in  Table  4,  maximum  SPGV  increased  by  more  than  one-half  after 
both  first-  and  second-stage  operations  when  the  fast  phase  of  the  nystagmus  was 
directed  to  the  lesion  side.  The  maximum  increase  was  35.4%  in  PACN  and 
79.5%  in  PDCN  for  rotation  at  60°/second,  and  was  44.1%  in  PACN  and  76.3% 
in  PDCN  for  rotation  at  lOOVsecond.  The  duration  of  these  changes  was  quite 
variable  among  subjects.  When  the  fast  phase  was  to  the  intact  side,  maximum 
SPGV  decreased  in  40%  of  animals  after  the  first-stage  operation  (Table  4).  On 
the  other  hand,  maximum  SPGV  increased  in  more  than  half  of  the  animals  after 
the  second-stage  operation.  This  result  indicates  the  more  complicated  status  of 
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Figure  6.  Vestibular  response  of  a  normal  squirrel  monkey  to  rotation  at  60°/second.  Record  A  represents  postacceleration  response  and 
record  B  indicates  postdeceleration  response.  Upward  arrows  indicate  the  start  of  table  rotation  (in  record  A)  and  cessation  of  table  rotation  (in 
reconi  B),  respectively.  Dashed  line  in  head-movement  recording  shows  straight-forward  head  position.  Slow-phase  gaze  velocity  showed  a 
maximum  value  immediately  after  reaching  a  constant  speed  and  after  cessation.  Head  nystagmus  disappeared  before  eye  nystagmus. 
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the  animals  after  the  second  operation.  Figure  7  (top)  shows  one  example  of  a 
postoperative  time  course  of  maximum  SPGV. 


Duration  of  Vestibular  Responses 

As  shown  in  Table  4.  after  both  first  and  second  lesions,  the  duration  of 
vestibular  eye  nystagmus  increased  in  more  than  half  of  the  tests  when  the  fast 
phase  of  nystagmus  was  directed  to  the  lesion  side.  The  maximum  increase  was 
119.7%  in  postacceleration  eye  nystagmus  (PACEN)  and  205.8%  in  postdecelera¬ 
tion  eye  nystagmus  (PDCEN)  for  stimulation  at  60°/second.  It  was  115.4%  in 
PACEN  and  117.8%  in  PDCEN  for  stimulation  at  lOOVsecond.  In  contrast,  the 
duration  of  vestibular  eye  nystagmus  decreased  in  more  than  half  of  the  tests 
after  both  the  first  and  second  operations,  when  the  fast  phase  of  the  nystagmus 
was  directed  to  the  intact  side.  The  maximum  decrease  was  49.0%  in  PACEN 


Table  4 


Postoperative  Changes  of  Vestibular  Responses* 


Maximum  SPGV 

Duration 

Ipsi 

Contra 

Ipsi 

Contra 

Post  First  Operation 

Increase 

12 

0 

11 

0 

Decrease 

0 

8 

0 

13 

No  Change 

8 

12 

9 

7 

Post  Second  Operation 

Increase 

13 

9 

8 

2 

Decrease 

1 

3 

0 

10 

No  Change 

2 

4 

8 

4 

*Ipsi  and  contra  as  in  Table  2.  The  number  in  the  table  is  the  sum  of  the  results  of 
postacceleration  and  postdeceleration  response  induced  by  rotation  at  60° /second  and 
lOOVsecond.  Duration  represents  that  of  eye  nystagmus. 


and  64.4%  in  PDCEN  for  stimulation  at  60°/second,  and  61.0%  in  PACEN  and 
65.9%  in  PDCEN  for  lOOVsecond.  Figure  7  (bottom)  shows  one  example  of  a 
postoperative  time  course  of  the  duration  of  PACEN.  When  the  fast  phase  of  the 
nystagmus  was  directed  to  the  operated  side,  both  maximum  SPGV  and  the 
duration  increased,  and  vice  versa. 


Morphology 

The  cortical  lesions  of  five  monkeys  (nine  sides)  are  shown  in  Figure  8.  There 
was  a  considerable  difference  in  both  the  location  and  size  of  the  lesions.  We 
have  examined  the  brains  of  over  600  squirrel  monkeys  and  found  that  there  is  a 
large  variability  of  the  location,  shape,  and  size  of  the  principal  and  arcuate  sulci. 
This  could  be  one  reason  why  we  experienced  difficulty  in  locating  these  cortical 
sulci  during  the  FEF  surgery.  We  did  not  find  a  clear  relationship  between  the 
postoperative  functional  change  and  the  location  and  size  of  the  lesions. 

On  histological  sections,  the  subcortical  deep  structures  were  intact  in  all 
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Figure  7.  Postoperative  changes  of  maximum  slow-phase  gaze  velocity  (maximum 
SPGV)  of  postacceleration  nystagmus  (top)  and  the  duration  of  postacceleration  eye 
nystagmus  (PACEN)  (bottom)  (No.  13543).  Stimulus,  60°/second.  The  abscissa  indicates 
postoperative  calendar  days,  and  the  ordinates  represent  maximum  SPGV  (top)  and  the 
duration  of  PACEN  (bottom).  Preoperative  mean  values  and  ±2  SEM  of  this  monkey  are 
shown  in  solid  and  dashed  lines,  respectively  (n  -  6).  Postoperative  change  is  indicated  in 
solid  lines  and  closed  circles  when  the  fast  phase  of  the  nystagmus  was  directed  to  the 
operated  side,  and  is  indicated  in  dashed  lines  and  open  circles  when  the  fast  phase  was 
directed  to  the  intact  side.  Note  that  both  maximum  SPGV  and  the  duration  of  PACEN 
increased  when  the  fast  phase  was  directed  to  the  operated  side  and  decreased  when  the 
direction  was  opposite.  The  change  of  the  duration  lasted  longer  than  that  of  maximum 
SPGV. 
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animals.  Middle  and  inner  ear  structures  also  were  normal  in  all  temporal 
bones. 

Discussion 
Head  Movements 

According  to  Bizzi  et  al.,  eye-head  coordination  is  an  interaction  of  central 
command  with  peripheral  feedback  from  receptors  excited  by  centrally  initiated 


Figure  8.  Cortical  lesions  of  five  monkeys.  The  top  figure  shows  the  right-side  lesions, 
and  the  bottom  figure  shows  left-side  lesions.  Lesions  are  shown  as  shaded  areas.  Monkey 
No.  13544  died  accidentally  after  left-FEF  operation. 

eye  and  head  movements.32'34  But  the  most  important  factor  for  eye-head 
coordination  is  a  peripheral  vestibular  input  triggered  by  centrally  initiated  head 
movement  in  “triggered"-  and/or  “predictive”-type  single  coordinated  eye  and 
head  movements.  In  these  authors’  experimental  paradigms,  visual  input  and 
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neck  proprioceptive  input  did  not  play  an  important  role  for  eye-head  coordina¬ 
tion  compared  to  that  of  vestibular  input.15  Our  previous  studies  also  revealed 
that  vestibular  input  plays  an  important  role  even  in  repetitive  coordinated  eye 
and  head  movements  under  optokinetic  stimulation.2530  In  addition  to  this,  it  is 
reasonable  to  assume  that  neck  proprioceptive  input  must  play  a  more  important 
role  in  repetitive  eye  and  head  movements  than  in  single  movements  of  eye-head 
coordination  because  multiple  neck  movements  induce  the  multiple  vestibular 
inputs.  Tonic  head  deviation  and  change  in  the  frequency  of  head  nystagmus 
during  optokinetic  stimulation  can  be  the  result  of  the  asymmetry  of  dorsal- 
neck-muscle  activity  induced  by  unilateral  FEF  ablation. 

Strong  afferent  and  efferent  electrophysiological  connections  with  specific 
directionality  between  the  FEF  and  dorsal  neck  muscles  have  been  shown  in  the 
cat.23"27  Also,  head-turning-related  cells  were  found  in  Macaca  mulatto’s  FEF. 13  ,9 
Our  present  results  seem  to  agree  with  these  previous  electrophysiological 
findings.  These  changes  of  neck  proprioceptive  input  can  secondarily  influence 
the  other  central  areas  that  receive  an  afferent  projection  from  the  dorsal  neck 
muscles  and  seem  to  be  involved  in  control  of  coordinated  eye-head  move¬ 
ments.36^* 


Eye  Movements 

Even  though  there  is  no  clear  evidence  of  direct  morphological  projection 
from  the  FEF  to  oculomotor  nuclei,  electrical  stimulation  of  the  FEF  can  elicit  eye 
movements.*'542'43  According  to  Robinson,  in  Macaca  mulatto,  the  great  majority 
of  eye  movements  evoked  by  FEF  stimulation  were  contralateral  conjugate 
saccades,  and  the  amplitudes  ranged  from  1°  to  70°.5  From  this  result,  we  can 
expect  disturbances  of  saccades  directed  to  the  contralateral  side  after  unilateral 
FEF  ablation. 

Since  it  generally  is  accepted  that  the  two  forms  of  rapid  eye  movements, 
saccades  and  the  fast  phase  of  vestibular  nystagmus,  are  identical,44"47  the  same 
premotor  neural  circuit  probably  produces  both  of  them.  Then  we  can  expect 
similar  changes  in  both  saccades  and  the  fast  phase  of  vestibular  nystagmus  after 
unilateral  FEF  operation.  Spontaneous  nystagmus  and  the  change  in  maximum 
slow-phase  gaze  velocity  of  vestibular  responses  seemed  to  agree  very  well  with 
these  expectations.  Since  the  same  kind  of  change  was  found  in  optokinetic 
responses,  these  changes  of  eye  movements  are  not  affected  by  the  light. 

Recently,  Marrocco  investigated  the  interaction  of  the  cynomologous 
monkey’s  FEF-evoked  saccade  with  voluntary  saccades,  pursuit,  and  vestibular 
nystagmus  and  concluded  that  the  FEF  appears  capable  of  modulating  any 
ongoing  eye  movement.43  All  these  findings  seem  to  suggest  that  the  FEF  is 
involved  in  spatial  and/or  temporal  modulation  of  eye  and  head  movements. 


Eye-Head  Coordination 

Even  when  evident  changes  of  eye  and  head  movements  were  found,  the 
negative  correlation  coefficient  of  slow-phase  velocity  of  eye  and  head  nystag¬ 
mus  during  optokinetic  stimulation  did  not  show  significant  change  after  unilat¬ 
eral  FEF  ablation.  Thus  the  fundamental  feedback  mechanisms  of  eye-head 
coordination  did  not  change  regardless  of  the  existence  of  gaze  error.  This  seems 
to  indicate  that  the  squirrel  monkey’s  FEF  could  be  involved  in  the  spatial  and/or 
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temporal  modulation  of  eye  and  head  movements  but  is  not  involved  in  eye-head 
coordination  under  the  present  experimental  conditions. 

It  is  important  to  consider  the  interspecies  difference.  A  high  degree  of 
convergence  has  been  observed  at  the  single-cell  level  between  dorsal  neck 
muscles  and  extraocular  muscles  (or  eye  movements)  in  the  cat’s  FEF.24,25 
Different  from  this,  in  the  monkey’s  ( Macaco  mulatto j  FEF,  eye-movement- 
related  cells  discharged  irrespectively  of  head  turning.1*  This  suggests  that  the 
degree  of  convergence  of  eye-  and  neck-muscle  activity  in  FEF  cells  varies 
among  different  species.  This  interspecies  difference  of  convergence  could  be 
due  partly  to  the  different  relationship  between  head  and  body.  Also,  the  relative 
size  of  dorsal  neck  musculature  varies  considerably  in  different  species  because 
animals  hold  their  heads  in  different  ways.4*50  This  suggests  that  the  ethological 
significance  of  eye-head  coordination  varies  in  different  species.  In  addition  to 
this  consideration,  the  monkey’s  (Macaco  mu/atta)  FEF-evoked  saccades  were 
quite  stereotyped;  in  other  words,  they  were  an  all-or-none  phenomenon.5 

It  is  reasonable  to  assume  that  several  central-nervous-system  structures 
could  be  involved  in  different  types  of  eye-head  coordination.  Recently,  Schiller 
et  al.  showed  in  the  monkey  that  parallel  neural  pathways  are  responsible  for  the 
control  of  saccadic  eye  movements  (one  mediated  through  the  FEF  and  the  other 
through  the  superior  colliculus).51  This  work  indicated  that  the  FEF  works  for  the 
control  of  eye-head  movements  in  combination  with  other  central  neural  struc¬ 
tures. 

Through  our  present  study,  it  was  found  that  FEF  ablation  in  the  squirrel 
monkey  produced  changes  in  spatial  and/or  temporal  modulation  of  head  and 
eye  movements,  but  not  in  eye-head  coordination  during  optokinetic  stimulation. 


Summary 

The  effect  of  unilateral  frontal-eye-field  (FEF)  ablation  on  eye-head  coordi¬ 
nation  during  optokinetic  and  vestibular  stimulation  was  investigated  in  the 
squirrel  monkey  ( Saimiri  sciureus).  The  results  suggested  that  the  FEF  was 
involved  in  spatial  and/or  temporal  modulation  of  eye  and  head  movements,  but 
not  involved  in  eye-head  coordination  under  the  present  experimental  condi¬ 
tions. 
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Introduction 

We  close  our  eyes  to  block  out  a  sound  source  in  order  to  enjoy  music  in  its 
absolute  form.  On  the  other  hand,  we  open  our  eyes  to  visually  perceive  a  sound 
source  and  to  better  identify  it.  Acoustically  triggered  attention-centering  reac¬ 
tions  allow  recognition  at  times  of  danger  and  release  defense  and  protection 
reflexes,  which  make  the  survival  of  the  individual  possible.  The  reflex  character 
of  the  acoustically  induced  orientation  reaction  already  has  been  demon- 
strated. 111736  The  auditory  organ  seems  to  insure  an  acoustic  spatial  stability  as 
well,  which,  due  to  autonomic  and  environmental  conditions,  makes  possible  the 
acoustic  orientation  and  the  reliable  location  of  sound  sources  or  acoustic  targets 
in  the  surroundings.1'2,1,''9'27'3S  Hennebert  describes  acoustically  induced  tracking 
eye  movements  and  speaks  of  a  “nystagmus  audiocinetique.”15 

As  a  result  of  these  studies,  voluntary  tracking  eye  movements  in  response 
to  moving  acoustic  signals  have  been  studied  more  frequently  in  recent 
years.6-,1,4,4,‘43  The  investigations  provide  a  valuable  contribution  to  the  under¬ 
standing  of  directional  hearing  in  the  human  being,  which  before  mainly  has 
been  the  object  of  psychophysical  investigations  (cf References  9  and  16).  These 
studies  also  offer  information  on  the  regulation  of  oculomotor  activities  in  the 
open-loop  situation  and  lead  to  the  still  unanswered  question  of  whether,  in 
response  to  acoustic  signals,  it  is  possible  to  differentiate  eye  movements  into 
voluntary  and  involuntary  categories. 

The  traditional  controversy  about  the  spatial  character  of  the  acoustic 
surroundings  also  can  be  proven  by  experimentation  with  animals  (cf..  Reference 
9).  A  very  illustrative  example  can  be  mentioned:  when  the  optic  tectum  of  the 
rabbit  is  stimulated,  the  immediate  reaction  is  a  turning  of  the  ears  in  that 
direction  of  the  surrounding  field  of  vision  from  which  the  stimulus  position  is 
projected With  optokinetic  and  vestibular  stimuli,  not  only  does  a  nystag¬ 
mus  of  the  eyes  occur,  but  an  ear  nystagmus  also  takes  place  simultaneously. 
Thereby  the  discharge  patterns  of  the  motor  units  of  the  ear  muscles  correspond 
to  those  of  the  neurons  in  the  vestibular  nucleus.  These  studies  suggest  that  a 
multimodally  organized  substrate  for  the  orientation  reaction  already  exists  in 
the  brain  stem.  The  ear  nystagmus,  which  is  demonstrable  only  in  rudimentary 
form  in  human  beings,  emphatically  indicates  the  maintenance  of  acoustic 
spatial  stability  in  individual  and  environmental  movements. 

Directly  inspired  from  such  experimental  studies  with  animals,  we  now  have 
started  to  investigate  more  closely  the  influence  of  moving  acoustic  signals  on  the 
cortical,  subcortical,  and  spinal  motor  functions  in  the  human  being.  Thus,  not 


*This  research  was  supported  by  the  Deutsche  Forschungsgemeinschaft  (Sonder- 
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only  eye  movements  but  also  cortically  evoked  responses,  as  well  as  phase- 
synchronous  body  sway  during  standing,  could  be  demonstrated  by  means  of 
moving  acoustic  signals.5*110,24,30  34  Voluntary  and  involuntary  acoustically  induced 
eye  movements,  which  represent  only  an  exceptional  case  of  general  acoustic- 
motor  reactions,  will  be  discussed  in  more  detail  in  the  following. 


Methods 

In  routine  clinical  examinations  (audiometry,  auditory-evoked  responses),  the 
acoustic  signals  generally  are  applied  via  earphones.  An  exact  localization  of 
sound  in  space  and  the  perception  of  audiokinetic  phenomena,  however,  are 
possible  only  under  natural  conditions  involving  the  effects  of  the  acoustic 
shadow  of  the  head,  the  sounding  condition  of  the  auricle,  the  outer  acoustic 
duct,  and  other  factors.  The  sound  source  can  be  moved  around  the  test  subject, 
or  the  test  subject  itself  can  move  past  the  sound  source.  Moving  acoustic  signals 
also  may  be  produced  by  electronic  steering  of  several  stationary  loudspeakers 
(stereophonic  listening,  movement  of  a  phantom).  This  method,  which  we  prefer 
to  use,  has  the  advantage  that  moving  acoustic  signals  may  be  applied  in  every 
imaginable  form  and  at  any  speed.34  For  the  release  of  acoustically  evoked 
potentials,  for  example,  very  fast,  ramplike  sound  movements  are  needed;5 
whereas  for  the  investigation  of  body  sway,  slow  movements  are  essential 
(circular  acoustic  movements  with  periods  of  1  to  10  seconds).24  Comparative 
studies  on  the  influence  of  actually  moving  sound  sources  and  stereophonic 
movement  effects  are  not  yet  concluded. 

Whether  in  light  or  in  darkness,  the  test  subjects  are  placed  in  a  screened 
room  with  little  acoustic  reflection  and  are  seated  on  an  electronically  controlled 
swivel  chair.  Spontaneous  head  movements  are  prevented  by  leaning  the  head 
lightly  against  a  headrest  with  slight  fixation.  The  test  subjects  are  requested 
either  to  look  straight  ahead  with  their  eyes  open  and,  as  far  as  possible, 
“unpreoccupied”  or  else  to  follow  the  sound  movement  as  closely  as  possible 
with  their  eyes.  The  test  subjects  were  not  informed  as  to  the  purpose  of  the 
experiment. 

Moving  acoustic  signals  are  applied  by  means  of  16  loudspeakers,  which  are 
arranged  at  a  distance  of  2  m  around  the  test  subject.  The  loudspeakers  are 
controlled  electronically,  which  allows  the  generation  of  moving  pointlike  acous¬ 
tic  signals  in  any  form  and  at  any  speed  in  defined  directions.  The  arrangement 
may  be  controlled  either  manually  or  by  means  of  a  laboratory  computer  (Lab 
8/e).34 

The  direct-current  output  from  the  oculogram  is  conducted  by  means  of 
bitemporally  applied  adhesive  electrodes.  The  signals  are  amplified  by  means  of 
a  high-resistance  preamplifier  mounted  directly  on  the  swivel  chair  and  are 
conducted  via  ring  contacts  to  the  main  amplifier  (Tektronix  AM  502)  and 
recorded  on  an  eight-channel  1/4-inch  FM  magnetic  tape  recorder.  An  electro¬ 
encephalograph  (EEG)  is  registered  simultaneously  to  record  the  momentary 
state  of  activity  of  the  subject.  Additionally,  the  eye  movements  are  observed 
repeatedly  during  the  test  with  Frenzel  glasses,  and  in  some  instances  kinemat- 
ographic  evaluations  are  done. 

After  initial  experiments  with  the  application  of  certain  sound  qualities  of 
different  frequency  and  intensity,  acoustic  signals,  generally  with  complex  sound 
patterns,  were  selected  [especially  certain  pieces  of  music  and  sound  bursts  of 
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short  duration  (50  mseconds),  defined  sound  frequency  (400  Hz),  and  random 
frequency  of  the  sequence  of  the  individual  signals].  These  allow  an  easy 
localization  of  the  sound  signals.7  The  intensity  of  the  signal  generally  is  kept 
constant  at  about  70  dB  above  the  sensation  threshold.  The  computer-controlled 
standard  program  has  a  duration  of  about  30  minutes  and  provides  for  the 
application  of  square  wave  and  sinusoidal  stimuli  with  amplitudes  of  ±15°  to 
±90°  and  frequencies  between  0.1  Hz  and  2  Hz  as  well  as  circular  sound 
movements  (also  with  frequencies  between  0.1  and  2  Hz).  At  the  end  of  the  test 
the  subjects  are  questioned  as  to  their  subjective  impressions. 


Voluntary  Eye  Movements 

Acoustically  stimulated  tracking  eye  movements,  analogous  to  tracking  eye 
movements  reponding  to  visual  stimuli,  can  be  differentiated  into  voluntary  and 
involuntary  components.  Voluntary  movements  are  described  first  since  they 
may  be  performed  by  everyone. 

In  this  context,  it  is  important  that  the  sound  source  is  audible  but  remains 
unseen,  i.e.,  the  movement  is  transmitted  solely  by  directional  hearing.  For  the 
most  part,  the  volume  of  the  sound  signal  does  not  influence  substantially  the 
accuracy  of  the  eye  movements  as  long  as  the  sound  direction  can,  on  the  whole, 
be  distinguished  easily.  This  is  parallel  to  optokinetic  nystagmus,  which,  over 
large  ranges  of  light  intensity,  may  be  observed  easily  and  almost  constantly. 

In  investigations  done  so  far,  there  is  excellent  coincidence  in  that  acousti¬ 
cally  stimulated  tracking  eye  movements  do  not  consist  of  "smooth”  movements, 
but  rather  of  a  sequence  of  saGGaries.8-13-’4,41 43  They  generally  occur  in  steps  and 
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Figure  1.  The  patterns  of  eye  movements  depend  on  frequency  of  a  sinusoidal  moving 
acoustic  target.  (1)  Eye  position  (calibration  as  in  channel  2).  (2)  Target  position  (peak- 
to-peak,  30°);  A  -  0.2  Hz,  B  -  0.75  Hz.  (3)  Acoustic  stimulus  (5  Hz). 
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Figure  2.  The  amplitude  of  the  eye  movements  is  not  a  function  of  the  amplitude  of  the 
sinusoidal  moving  acoustic  target  (0.1  Hz).  Mean  of  seven  subjects  with  standard  deviation. 
Abscissa,  target  position;  ordinate,  eye  position. 


fail  to  show  the  typical  form  of  nystagmus  (with  rapid  and  slow  phases). 
However,  slight  drifting  movements  frequently  may  be  observed  between  the 
individual  steps. 

The  accuracy  of  the  eye  movements  is  poor  when  the  amplitudes  of  the  sound 
and  eye  movements  are  compared.  Independent  of  whether  the  sound  signals 
arrive  at  15°  or  90°  from  the  lateral  direction,  the  amplitudes  of  the  eye 
movements  lie  at  about  35°  to  40°  (Figures  1  and  2).  These  findings  contradict  the 
fact  that  human  directional  hearing  is  considerably  more  accurate  since  the 
localization  threshold  in  the  frontal  median  amounts  to  1°  to  3°. 23  They  agree, 
however,  with  other  studies,  which  have  demonstrated  that  voluntary  eye 
movements  in  darkness  also  occur  with  a  "preprogrammed  amplitude”  that 
almost  corresponds  to  the  maximal  movement  range  of  the  eyes.4 

On  the  other  hand,  the  accuracy  of  the  phase  relationship  between  sound  and 
eye  movement  is  quite  good.  Sound  and  eye  movements  usually  occur  synchro¬ 
nously  with  sinusoidal  movements  of  the  signal  at  frequencies  of  0.1  Hz  to  1  Hz, 
which  are  the  only  frequencies  considered  here.  Above  0.5  Hz,  however,  a  phase 
lag  of  the  eyes  often  may  be  observed  (Figure  1).  Conformity  occurs  between  the 
sine  movement  of  the  sound  and  the  saccadic  eye  movement,  due  to  the  fact  that 
the  characteristic  points  of  the  sinusoidal  movement  of  the  sound  (i.e.,  the  two 
reversal  points  and  the  zero  culmination]  are  reached  almost  simultaneously.  In 
this  case,  the  eye  movements  are  oriented  towards  the  overall  course  of  the  sound 
movement.  The  eyes  are  thus  regulated  in  a  predictive  manner,  i.e.,  a  tracking  of 
the  sound  movement  does  not  take  place.  Obviously,  there  is  a  prediction  system, 
which  is  postulated  also  for  visual  tracking  eye  movements.32,33  37-44 

If  instead  of  continuous  sound  (music),  single  acoustic  signals  with  stepwise 
increasing  repetition  rates  are  presented  during  constant  amplitude  and 
frequency  of  sinusoidal  sound-signal  movements,  then  typical  changes  in  the  eye 
movements  can  be  observed.101’ 
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With  individual  signals  (burst  of  50  mseconds  duration)  presented  at  rates  up 
to  0.2  Hz,  temporary  reactions  towards  the  direction  of  each  signal  occur.  The 
reaction  time  varies  between  200  and  400  mseconds,  while  the  amplitude  is 
relatively  constant  at  35°  to  40°,  independent  of  the  angle  from  which  the  sound 
signal  arrives.  In  visually  triggered  ocular  movements,  acoustic-induced  reac¬ 
tions  frequently  consist  of  two  or  several  saccades.3  Following  the  reaction 
towards  the  sound  signal,  an  additional  slight  drifting  in  the  direction  of  the  zero 
position  often  may  be  noticed.  A  few  seconds  later  a  spontaneous  backward 
motion  of  the  eyes  takes  place.  At  sound  presentation  frequencies  of  0.2  Hz  to  0.5 
Hz,  this  backward  motion  no  longer  occurs  and  the  eyes  remain  in  the  new 
position  until  the  next  sound  signal  becomes  audible  (Figure  3). 

At  sound  presentation  frequencies  above  0.5  Hz — as  well  as  with  music — the 
eye  movements  consist  of  a  continuous  sequence  of  saccades.  Now  the  eyes 
follow  the  course  of  motion  of  the  sound  signal  and  a  reaction  to  individual 
signals  no  longer  is  observed.  The  transition  into  this  stage  is  marked  by  a  sudden 
rise  in  the  frequency  of  the  saccades,  an  increased  occurrence  of  small  saccades, 
and  a  slightly  lowered  sum  of  the  amplitudes. 

An  additional  variation  of  the  frequency  (between  0.1  Hz  and  2  Hz)  and 
amplitude  (between  ±15°  and  ±90°)  of  the  given  sinusoidal  movement  of  the 
sound  signal  demonstrates  that  the  onset  of  continuous  staircase  eye  movements 
instead  of  individual  reactions  does  not  depend  solely  on  the  repetition  rate  of 
transmitted  burst  signals.  If  the  frequency  of  the  sinusoidal  movement  is  low  (0.1 
Hz)  and  the  amplitude  small  (±15°),  i.e.,  the  sound  movement  is  poorly  discern¬ 
ible,  more  signals  per  sine  period  are  needed  to  induce  continuous  staircase  eye 
movements.  The  observed  minimum  number  of  4  to  5  impulses  may,  under  the 
given  experimental  conditions,  increase  to  10  signals  per  period  (Figure  3). 

On  the  other  hand,  with  a  low  sine-wave  frequency  of  0.1  Hz,  approximately 
15  saccades  per  period  occur.  Above  0.5  Hz,  however,  only  2  to  3  saccades  are  the 
rule.  Thus  the  minimum  number  of  saccades  that  is  necessary  in  order  to  be  able 
to  follow  the  given  sine-wave  movement  already  is  attained.  Accordingly,  with 
higher  movement  frequencies,  the  eyes  no  longer  are  able  to  follow.  These 
studies  also  reveal  that  the  number  of  saccades  per  time  unit  remains  practically 
constant  under  the  given  conditions.10" 

Under  the  given  experimental  conditions,  smooth  eye  movements,  in  the 
sense  of  visually  triggered  tracking  eye  movements,  generally  cannot  be 
observed.  Our  own  findings  in  this  respect  agree  with  the  results  of  other 
authors.13  43  Only  Gottschalk  et  al.  cite  the  occurrence  of  smooth  eye  movements, 
which  occurred  only  at  10°-per-second  movements  of  the  sound.14  According  to 
Gauthier  and  Hofferer,  these  occur  only  when  the  moving  sound  source  is  made 
visible  or  the  outstretched  hand  is  made  to  trace  the  sound  movement.13  On  close 
scrutiny,  however,  slight  drifting  movements  may  be  observed  between  the 
saccades,  especially  with  strong  deviation  of  the  eyes.  These  often  are  opposed  to 
the  sound  movement,  and  the  eyes  attempt  to  reach  the  middle  position  at  a 
speed  of  3°  to  12°  per  second.  Obviously,  this  is  a  case  of  drifting  movements, 
which  generally  are  observed  in  darkness  and,  according  to  Robinson,  may  be 
the  evidence  of  a  leaky  integrator.4'2021  25'29,31  Further  investigations  toward  the 
explanation  of  this  problem  are  required,  especially  since  individual  studies 
differ  considerably  in  their  methods.  Zambarbieri  et  al.  also  hint  at  learning 
processes.43  With  the  application  of  acoustic  signals,  one  possibly  must  take  into 
stronger  consideration  the  characteristics  of  the  acoustic  modality  as  a  method  of 
sensory  detection  at  a  distance. 

In  the  end,  the  question  arises  as  to  whether  voluntary  tracking  movements 
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with  acoustic  signals  have  a  specific  character  lor  this  sense  modality  or  if  they 
are  to  be  classified  generally  as  "non-visually  directed”  eye  movements.  Volun¬ 
tary  eye  movements,  either  in  light  or  in  darkness,  that  follow  neither  a  visual  nor 
an  acoustic  signal  also  lead  to  staircase  saccadic  eye  movements.  This  type  of  eye 
movement  also  occurs  when  the  eyes  merely  follow  an  imagined  target.  Compar¬ 
ative  studies  show  that,  at  the  most,  changes  in  the  frequency  of  the  saccades  and 
in  the  sum  of  the  amplitudes  may  be  observed.  Moreover,  these  factors  are 
dependent  on  the  vigilance  and  concentration  capability  of  the  test  subjects.  Thus 
it  seems  more  purposeful  to  ask  whether  moving  acoustic  signals  are  at  all  able  to 
trigger  an  optomotor  reaction,  i.e.,  involuntary  eye  movements  that  render 
possible  an  acoustically  regulated  maintenance  of  the  visual  surroundings  (Fig¬ 
ure  4). 


Involuntary  Eye  Movements 

In  some  test  subjects,  eye  movements  may  be  observed  even  though  they  do 
not  voluntarily  follow  the  moving  sound  signal  but  passively  look  straight  ahead. 
The  test  subjects  state  that  they  notice  these  eye  movements,  but  are  unable  to 
describe  them  in  more  detail.  With  prolonged  exposure  to  moving  acoustic 
signals,  slight  vertigo  as  well  as  vegetative  signs  (such  as  palpitation,  dizziness, 
and  outbreak  of  perspiration)  are  observable.  Music  and  burstlike  stimuli  at 
varying  frequencies  are  perceived  as  relatively  pleasant  and  sine-wave  sounds 
often  are  experienced  as  intolerable.8,30  M 

In  a  larger  series  of  tests,  we  have,  to  date,  systematically  studied  about  350 
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Figure  4.  There  are  no  differences  between  voluntary  tracking  of  an  acoustic  target  (2,  3) 
and  the  tracking  of  an  imaginary  target  (4,  5)  in  light  (2,  4)  and  darkness  (3,  5).  (1) 
Acoustic-target  position  (peak-to-peak,  90°;  0.2  Hz).  (2-5)  Eye  position  (calibration  as  in 
channel  1). 
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Figure  5.  There  are  no  differences  between  voluntary  (2,  3)  and  involuntary  (4,  5) 
tracking  of  an  acoustic  target  in  light  (2,  4)  and  darkness  (3,  5).  (1)  Acoustic-target  position 
(circular  movement;  period,  5  seconds).  (2-5)  Eye  position  (peak-to-peak,  70-80°). 


test  subjects  of  different  ages  and  both  sexes.  In  the  course  of  these  studies, 
involuntary  eye  movements  of  different  intensity  could  be  observed  in  about 
20%  of  all  test  subjects.  They  are  more  frequent  in  adolescents  than  in  older 
persons  and  slightly  more  frequent  in  women  than  in  men.  They  also  could  be 
observed  frequently  in  members  of  pop  music  groups.  Certain  parts  of  the 
personality  structure  (such  as  immaturity,  hysterical  structure,  and  extroversion, 
among  others)  seem  to  play  a  role,  and  possibly  a  minimal  cerebral  dysfunction 
comes  into  consideration  as  a  cause.  These  factors  currently  are  under  investiga¬ 
tion. 

With  few  exceptions,  acoustically  induced  eye  movements  occur  only  when 
fixation  is  impossible,  i.e.,  in  darkness  or  behind  Frenzel  glasses.  Even  in 
darkness,  acoustically  induced  eye  movements  may  be  reduced  or  suppressed  by 
fixation  on  a  point  of  light  or  on  an  imaginary  object.  Continuous  tracking 
movements,  in  the  sense  of  smooth  movements,  generally  cannot  be  observed. 
Nystagmuslike  movement  patterns  do  not  occur  either,  as  might  be  expected  by 
Hennebert  or  Lackner.15'18’9  According  to  our  own  observations,  it  is  a  question  of 
saccadic  movements  of  the  eyes  in  the  direction  of  the  sound  movement. 
Corresponding  to  voluntary  eye  movements,  the  involuntary  eye  movement  may 
be  best  characterized  as  staircase  jerks.  Slight  intersaccadic  drifting  only  occa¬ 
sionally  can  be  observed,  either  in  the  direction  of  the  sound  movement  or,  with 
stronger  deviation  of  the  eyes,  in  the  direction  of  the  median  plane  (Figure  5). 

Thus,  involuntary  eye  movements  in  response  to  moving  acoustic  signals  do 
not  differ  (in  the  form  of  their  oculogram)  from  the  voluntary  eye  movements 
described  above,  or  show  only  minimal  gradual  differences  in  regard  to  the 
number  of  saccades  and  amplitude  sum.  The  speed  of  the  saccades  has  not  yet 
been  studied  in  detail.343  Moreover,  from  the  oculogram  alone,  it  often  cannot  be 
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decided  whether  the  eye  movements  are  voluntary  or  involuntary.  As  already 
mentioned,  the  pursuit  of  an  inaudible  or  merely  imaginary  moving  acoustic 
signal  is  accompanied  by  very  similar  eye  movements.  Also  with  the  introduction 
of  sound  signals  (with  increasing  frequency  of  the  individual  bursts,  as  described 
above),  no  differences  result.  Involuntary  eye  movements  with  a  continuous 
sequence  of  saccades  also  occur  with  a  sequence  of  individual  signals  presented 
at  a  frequency  of  about  1  Hz.  It  is  not  always  easy,  even  for  the  test  subject,  to 
differentiate  between  passive  and  active  eye  movements. 

For  these  reasons  it  is  useful  to  write  a  simultaneous  EEG  as  an  objective 
criterion  for  the  momentary  condition  of  the  test  subject.  For  this  purpose,  the 
continuous  fast  Fourier  transform  of  short  individual  epochs  of  4  to  8  seconds  has 
proven  appropriate.  Upon  being  requested  to  actively  follow  the  moving  sound 
signal,  there  is  an  immediate  disappearance  of  the  alpha-wave  components.  As  a 
sign  of  passive-reflectory  activity,  it  can  be  demonstrated  impressively  that  the 
alpha-wave  component  of  the  power  spectrum  does  not  change  when  involun¬ 
tary  eye  movements  are  performed  at  different  movement  frequencies  of  the 
sound  (between  0.1  and  2  Hz)  (Figure  6). 

By  using  a  computer-regulated  standard  program  with  ramplike,  square, 
sinusoidal,  and  circular  movement  around  the  test  subject,  involuntary  pursuit 
eye  movements  could  be  differentiated  in  more  detail.  They  may  follow  the  given 
sound  movement  in  loose  or  rigid  coupling.  During  the  course  of  the  test,  they 
may  decrease  quickly,  become  adapted,  occur  only  at  certain  frequencies  of  the 
periodic  sound  movement  in  isolated  cases,  or  be  present  during  a  prolonged 
period  of  time  without  a  relapse  until  the  test  subject  becomes  fatigued. 

With  square-wave  sound  movements  at  an  amplitude  of  ±45°,  the  eyes 
generally  follow  with  individual  saccadic  jerk  movements,  the  amplitude  of  the 
eye  movements  closely  corresponding  to  that  of  the  sound  movement.  With  larger 
sound  movements  of  ±90°,  the  eye-movement  amplitudes  are  only  negligibly 
larger,  as  they  have  reached  their  physiological  limit.  In  some  of  the  test  subjects, 
using  careful  direct-current  recording,  a  slight  drifting  of  the  eyes  into  the  zero 
position  can  be  observed  at  low-frequency  sound  movements  of  0.1  Hz.  Under 
the  stated  conditions,  tracking  eye  movements  can  be  observed  up  to  a  sound- 
movement  frequency  of  close  to  1  Hz.  Under  these  experimental  conditions,  the 
latency  periods  of  tbe  involuntary  eye  movements  range  between  100  and  200 
mseconds. 

Using  sinusoidal  sound  movements  with  an  amplitude  of  ±45°  and  a 
frequency  of  0.1  Hz,  staircase  jerks  occur  in  the  oculogram,  and  generally  four  to 
six  saccades  occur  with  an  intersaccadic  interval  of  about  800  mseconds.  The 
amplitudes  of  these  staircase  jerks  frequently  do  not  surpass  10  to  20°,  resulting 
in  a  total  amplitude  of  about  60°.  With  sinusoidal  sound  movements  of  ±90°,  a 
somewhat  stronger  saccadic  response  occurs  and  the  total  amplitude  scarcely 
surpasses  ±45°.  At  0.1  Hz,  the  saccades  in  the  lateral  field  of  vision  decrease, 
until  the  eyes  are  arrested  in  the  lateral  position.  At  a  sound-movement 
frequency  of  0.5  Hz  and  under  the  same  conditions,  staircase  jerks  occur  only 
sporadically  and  the  main  characteristics  of  the  oculogram  are  square-wave 
movements.  At  1  to  2  Hz,  the  highest  tracking  frequency  is  reached  (Figure  7). 

Staircase  jerks  also  can  be  observed  with  slow  circular  movements  of  0.1  Hz. 
In  the  frontal  visual  field,  the  sound  movement  causes  8  to  10  jerks  with 
amplitudes  of  between  6  and  10°.  Often,  the  saccadic  response  occurs  with  larger 
amplitudes,  and  then  the  total  amplitude  always  amounts  to  about  80°.  When  the 
sound  traverses  the  posterior  field,  the  saccades  appear  in  the  visual  direction, 
even  though  the  sound  moves  behind  the  test  subject.  But  now  the  tracking  eye 
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0.3  Hz  1  Hz  2  Hz  0.6  Hz 


Figure  7.  Up  to  target-movement  frequencies  of  1  Hz,  synchronous  eye  movements  are 
seen.  (1)  Acoustic-target  position  (peak-to-peak,  180°).  (2)  Involuntary  eye  movement 
(calibration  as  in  channel  1). 


movements  are  characterized  by  a  few  large  saccades,  generally  occurring  before 
the  sound  reaches  the  rear  median.  Higher  angular  velocities  of  the  sound,  i.e., 
higher  rotation  frequencies,  again  lead  to  the  disintegration  of  the  staircase  ^.ks. 
Large-amplitude  saccades  of  about  70°  appear  to  take  their  place,  which,  to  a 
certain  extent,  can  be  characterized  as  genuine  counterjerks. 

Involuntary  eye  movements  also  show  relatively  constant  amplitudes,  which 
almost  correspond  to  the  physiological  maximum  of  ±40°.  At  larger  sound 
movements  of  ±90°,  the  eyes  rest  in  the  end  position  until  the  sound  movement 
returns  to  the  beat  field  ( Schlagfeld ).  This  results  in  a  “plateau  formation"  in  the 
oculogram.  The  amplitudes  of  the  saccades  at  low  angular  velocities  (e.g  sound 
movements  of  0.1  Hz)  are  very  small.  At  larger  angular  velocities,  staircase  jerks 
become  more  prominent  at  first;  later  on,  however,  they  dissolve  and  turn  into 
pure  counterjerks.  This  phenomenon  also  is  observed  with  circular  movements, 
although  the  test  subjects  no  longer  are  able  to  locate  subjectively  the  sound 
during  a  circulation  frequency  of  1  Hz.  Circular  movements  also  are  interesting 
in  respect  to  the  fact  that  the  sound  periodically  moves  behind  the  test  subject 
and  thus  is  no  longer  in  the  area  of  the  field  of  vision.  Even  in  this  phase,  lively 
eye  movements  occur,  as  is  shown  in  Figure  8.  These,  however,  show  a  beat 
direction  opposite  to  that  found  when  the  movement  is  in  front.  This  leads  to 
alternating  staircase  jerks,  which  lack  a  uniform  direction  of  rotation  in  confor¬ 
mity  with  the  sound  movement.  After  sudden  interruption  of  the  sound  rotation, 
there  are  therefore  no  postrotatory  aftereffects,  as  with  optokinetic  and  vestibular 
stimuli. 


General  Discussion 

The  present  investigations  with  moving  acoustic  signals  show  that  the  acoustic 
system  transmits  not  only  directional  hearing,  but  also  movement  hearing,  i.e., 
besides  certain  intensity  and  duration  differences,  differential  effects  that  result 
from  a  change  in  the  position  of  a  sound  source  also  are  taken  into  consider¬ 
ation. 

In  this  context,  the  investigations  with  individual  sound-signal  bursts  of 
increasing  repetition  rate  have  not  only  a  neurophysiological  but  also  a  psycho¬ 
physical  and  a  cybernetic  aspect.  Corresponding  to  the  investigations  with 
individual  light  stimuli,33  37'3®  a  transition  into  a  continuous  answering  pattern 
occurred  at  approximately  1  Hz.  This  finding  again  is  in  agreement  with 
psychophysical  studies,  according  to  which  the  subjective  impression  of  a  moving 
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continuum  (acoustic  phi-phenomenon)  results  from  the  application  of  individual 
acoustic  signals  at  approximately  1  Hz.  The  dependence  of  the  eye  movements 
on  the  number  of  individual  impulses  per  movement  period  also  leads  to  a 
cybernetic  conclusion:  according  to  this,  the  repetition  rates  must  be  higher  than 
the  Nyquist  frequency  (twice  the  frequency  of  the  sinusoidal  movement  of  the 
acoustic  target)  to  avoid  aliasing.  With  repetition  rates  at  least  five  times  higher 
than  the  movement  frequency,  the  eye  movements  correspond  to  the  original 
target  movement.  Moreover,  according  to  the  present  investigations,  a  predictive 
system  must  exist,  which  already  has  been  postulated  in  a  similar  form  for 
visually  induced  eye  movements."37'39 

Furthermore,  it  should  be  stressed  that  the  voluntary  tracking  eye  movements 
in  response  to  acoustic  signals  do  not  correspond  to  the  familiar  smooth 
movements  in  connection  with  visual  pursuit  of  a  slowly  moving  point  of  light. 
Additionally,  the  involuntary  acoustically  induced  tracking  movements  do  not 


N 


Figure  8.  Number  (A)  and  amplitude  sum  (B)  of  the  saccades  depend  on  the  position  in 
the  circular  movement  of  the  acoustic  target  (average  of  100  cycles,  t  -  8  seconds).  Frontal 
median,  0°;  dorsal  median,  180°.  Number  and  amplitude  sum  maxima  are  seen  near  the 
frontal  median  and  near  130°. 
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resemble  the  optokinetic  nystagmus,  as  might  be  expected  from  Hennebert’s  term 
"nystagmus  audiokinetique.”15  Voluntary  and  involuntary  acoustically  induced 
eye  movements  usually  consist  of  single  or  repeated  rapid  jerk  movements  that 
are  carried  out  in  the  direction  of  the  sound  movement  and  cannot  be  considered 
as  correction  saccades.  Occasional  intersaccadic  drifting  movements  resemble 
neither  the  actual  smooth  movements  nor  the  slow  nystagmus  phases  in  either 
form  or  velocity. 

In  contrast  to  visually  induced  tracking  eye  movements,  voluntary  and 
involuntary  acoustically  induced  tracking  eye  movements  cannot  be  distin¬ 
guished  in  an  oculogram.  Only  in  borderline  situations,  e.g.,  at  high-frequency 
sinusoidal  movements  of  the  sound  source,  does  the  dynamic  power  of  the 
"reflectory"  component  show  an  increased  accuracy  and  only  a  very  slight 
exhaustion  of  the  eye  movements.  The  described  movement  patterns,  as  already 
mentioned,  are  not  to  be  seen  as  specific  acoustically  induced  eye  movements 
since  they  also  occur  in  other  voluntary  eye  movements  without  visual  or  acoustic 
fixation.  Obviously,  the  open-loop  situation  in  the  acoustic  test  must  be  held 
responsible  for  the  fact  that  the  voluntary  motor  functions  can  make  use  of  a 
previously  developed  movement  pattern  (e.g.,  from  peripheral  feedback)  without 
restrictions,  so  that  voluntary  and  involuntary  acoustically  induced  tracking  eye 
movements  are  identical. 

Under  the  chosen  experimental  conditions,  however,  involuntary  acousti¬ 
cally  induced  eye  movements  have  been  observed  only  in  relatively  few  test 
subjects.  Neither  the  reasons  responsible  for  this  phenomenon  nor  the  physiolog¬ 
ically  or  psychologically  accessible  individual  properties  essential  for  the  release 
of  involuntary  acoustically  induced  eye  movements  could  be  ascertained.  This 
might  be  the  reason  why  this  very  interesting  phenomenon  of  acoustically 
induced  eye  movements  hitherto  has  not  met  with  much  interest  in  the  clinic.  For 
the  present,  acoustically  induced  eye  movements  render  possible  the  investiga¬ 
tion  of  numerous  new  problems,  such  as  monaural  directional  hearing,  direc¬ 
tional  hearing  in  vertical  planes,  intermodal  interactions  involving  other  sensory 
systems,  and  others  that  hitherto  have  been  accessible  only  to  psychophysical 
investigation. 


Summary 

This  article  reports  the  influence  of  moving  acoustic  signals  on  eye  move¬ 
ments  (oculomotor  functions)  using  350  healthy  test  subjects.  An  acoustic  test 
setting  developed  especially  for  this  purpose  has  made  possible  the  application  of 
moving  acoustic  signals  of  varying  frequency  and  form  (square  stimuli,  sinusoidal 
stimuli,  circular  movements),  as  well  as  the  examination  of  visual-acoustic  and 
vestibular-acoustic  interactions. 

It  must  be  stressed  that  according  to  these  investigations,  both  voluntary  and 
involuntary  eye  movements  can  be  demonstrated  in  response  to  moving  acoustic 
signals.  Involuntary  eye  movements,  however,  under  the  given  experimental 
conditions,  only  are  observed  in  about  20%  of  all  test  subjects  and  their 
frequency  of  occurrence  is  highest  in  young  female  subjects.  They  are  most 
pronounced  in  darkness  and  when  there  is  no  fixation,  and  they  can  be  coupled 
to  varying  degrees  with  the  given  acoustic  signal. 

Voluntary  and  involuntary  eye  movements  do  not  differ  very  much  from  one 
another.  They  consist  mainly  of  a  series  of  saccades  that  form  staircase  jerks.  In 
both  cases,  no  typical  smooth  movements  or  nystagmoid  movement  forms 
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occur— which  are  predominant  in  tracking  eye  movements  of  visual  stimuli. 
Occasionally,  slight  drifting  movements  can  be  demonstrated  in  the  intersaccadic 
intervals.  At  a  larger  movement  amplitude  and  increased  movement  frequency 
of  the  sound  signal,  pure  opposite  jerks  finally  appear,  which  follow  up  to  a 
movement  frequency  of  1  Hz.  The  eye  movements  are  influenced  only  slightly  by 
a  change  in  the  amplitude  of  the  sound  movement  (±15°  to  ±90°).  However,  a 
close  phase  relationship  between  eye  and  sound  movement  exists.  If  instead  of 
continuous  acoustic  signals  (music),  single  burst  signals  are  given  at  an  increasing 
repetition  rate,  this  results  (at  low  repetition  rates  of  bursts)  in  orienting  reactions 
upon  the  individual  signals,  while  at  high  signal  repetition  rates  (above  0.5  Hz), 
continuous  eye  movements  in  the  form  of  staircase  jerks  result. 

In  investigating  acoustically  induced  tracking  eye  movements,  many  new 
questions  have  arisen  that  previously  have  been  open  only  to  psychophysical 
studies. 
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The  modifications  of  vestibular  nystagmus  due  to  fixation  of  visual  targets 
largely  have  been  investigated  in  both  normals  and  patients.  When  the  subject  is 
presented  with  a  visual  target  rotating  with  him,  both  the  slow  and  fast  phases  of 
nystagmus  are  suppressed  and  the  eyes  maintain  the  central  position.  In  normals, 
a  complete  suppression  of  nystagmus  occurs  over  a  range  of  head  angular 
accelerations  up  to  SOVsecond2.1  When  the  subject  is  oscillated  in  the  frequency 
range  around  0.1  Hz  in  front  of  a  space-stationary  visual  target,  the  nystagmoid 
pattern  of  eye  movement  observed  in  darkness  is  replaced  by  a  smooth  eye 
movement  that  fully  compensates  head  rotation  in  spite  of  the  0.4  to  0.6  gain  of 
the  vestibulo-ocular  reflex  (VOR)  in  the  dark.23 

What  role  does  the  smooth-pursuit  (SP)  system  play  in  such  modifications  of 
the  vestibulo-ocular  response? 

Conceptually,  the  following  mechanism  easily  can  be  imagined.  When  the 
subject  rotates  with  a  visual  target  moving  with  him,  the  eye  deviation  induced  by 
the  vestibular  stimulation  produces  a  retinal  slip  of  target  image,  and  the  SP 
system  commands  an  eye  movement  that  cancels  the  vestibular  component.  In 
contrast,  when  the  subject  is  made  to  oscillate  in  front  of  a  space-stationary  visual 
target,  the  retinal  slip  produced  by  incomplete  VOR  compensation  forces  the  SP 
system  to  cooperate  up  to  a  complete  visual  stabilization.  There  are  at  least  two 
arguments  that  seem  to  support  this  point  of  view.  First,  the  frequency  range  of 
optimal  fixation  suppression  is  very  similar  to  that  of  SP.4,5  Second,  deficits  in 
fixation  suppression  or  in  full  compensation  of  head  rotation  are  found  only  in 
patients  who  also  present  impaired  SP  and  optokinetic  nystagmus.1'97 

The  arguments  against  an  exclusive  role  of  SP  in  fixation  suppression  are 
even  more  numerous.  First  of  all,  a  complete  suppression  of  nystagmus  can  be 
obtained  also  during  vestibular  stimulations  that  would  bring  about  slow-phase 
velocities  far  beyond  the  possibility  of  the  SP  system.  Second,  nystagmus 
suppression  can  be  produced  during  the  first  100  mseconds  of  transient 
responses,  when  the  SP  has  no  time  to  intervene  due  to  its  latency  of  130 
mseconds.1*  Third,  a  progressive  suppression  of  nystagmus  also  can  be  observed 
during  vestibular  habituation  produced  by  repeated  step  changes  in  head  angular 
velocity  in  the  dark.910  Last  but  not  least,  significant  modifications  of  rotatory 
vestibular  nystagmus  can  be  produced  by  fixation  of  imaginary  targets.2  If  the 
target  is  imagined  to  move  with  the  subject,  the  gain  of  the  vestibulo-ocular 
response  is  reduced  to  about  0.3.  If  the  target  is  imagined  to  remain  stationary  in 
space,  the  fast  phase  of  nystagmus  tends  to  disappear  and  the  gain  of  the 

•Work  supported  by  the  Italian  National  Research  Council,  CNR,  Rome,  Italy. 
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compensatory  eye  movement  becomes  close  to  unity.  In  spite  of  the  extremely 
low  gain  of  the  otolith-ocular  reflex  in  the  dark,  significant  compensatory  eye 
movements  (gain  of  0.3  to  0.5)  also  can  be  observed  during  lateral  displacements, 
if  the  subject  is  asked  to  maintain  the  fixation  of  a  space-stationary  imaginary  or 
acoustic  target.” 

All  these  latter  arguments  seem  to  indicate  that  nystagmus  suppression  is 
obtained  through  a  direct  control  of  VOR  gain  rather  than  through  a  contribution 
of  SP.  The  possibility  of  controlling  VOR  gain  and  even  changing  its  sign  has 
been  proved  by  experiments  on  VOR  adaptation  to  reversed-vision  condi¬ 
tions.12-14  As  suggested  by  Ito  and  by  Robinson,  the  vestibulocerebellovestibular 
pathway  passing  through  the  Purkinje  cells  of  the  flocculus  could  be  the 
anatomic  support  for  such  a  VOR-gain  control.’5,18  As  a  matter  of  fact,  a  primary 
role  of  the  flocculus  in  fixation  suppression  has  been  proved  by  studies  on 
Purkinje  cell  activity  during  combined  visual  and  vestibular  stimulations,  by  the 
loss  of  visual  suppression  of  nystagmus  after  experimental  flocculus  lesions,  and 
by  the  clinical  observation  that  deficits  in  fixation  suppression  are  particularly 
prominent  in  patients  with  cerebellar  lesions.1,87 17-22 

The  aim  of  this  paper  is  to  investigate  further  the  modifications  of  vestibular 
nystagmus  produced  by  the  presentation  of  nonvisual  targets  either  stationary  in 
space  or  moving  with  the  subject.  Imaginary,  proprioceptive,  and  acoustic  targets 
were  used.  A  quantitative-model  interpretation  of  the  experimental  results 
provided  useful  suggestions  on  the  respective  roles  of  VOR-gain  control  and  SP 
in  adapting  the  vestibulo-ocular  response  to  the  actual  oculomotor  task. 


Methods 

Three  different  groups  of  five  subjects  with  normal  visual,  vestibular,  and 
auditory  functions  were  used  for  the  following  experimental  situations. 


A.  Nystagmus  Suppression  during  Sinusoidal  Head  Oscillations 

The  subject  was  seated  in  a  rotatory  chair  (POLMAN  Digital  1)  provided  with 
a  special  arm  supporting  a  loudspeaker  and  a  small  lamp  (80  cm  from  the 
subject’s  eyes).  The  subject  had  his  head  secured  by  a  restraining  device  and  was 
made  to  rotate  sinusoidally  about  the  vertical  axis  with  the  eyes  open  in  the  dark. 
After  5  cycles  of  chair  oscillation,  during  which  the  subject  performed  mental 
arithmetic,  a  click  was  produced  by  the  loudspeaker,  and  the  subject  had  to 
maintain  the  fixation  of  an  imaginary  target  placed  in  front  of  him  and  moving 
with  him.  When  a  second  click  was  produced  at  the  end  of  the  10th  cycle,  the 
subject  had  to  fixate  at  the  thumb  of  his  right  hand  lying  on  his  knee.  At  the  end 
of  the  15th  cycle,  the  loudspeaker  was  switched  on  and  fed  with  pulses  at  20  Hz. 
The  subject  had  to  maintain  the  fixation  of  the  sound  source.  Finally,  at  the  end 
of  the  20th  cycle,  the  sound  was  replaced  by  the  light  of  the  small  lamp. 

This  testing  procedure  was  repeated  twice  in  different  sessions  with  different 
parameters  of  chair  oscillation:  0.05  Hz  and  peak  amplitude  of  320°  (peak  angular 
velocity  of  lOOVsecond);  0.1  Hz  and  peak  amplitude  of  120°  (peak  angular 
velocity  of  75<'/second).  The  same  peak  velocity  of  lOOVsecond  used  at  0.05  Hz 
could  not  be  maintained  at  0.1  Hz  due  to  power  limitation  of  the  chair  motor. 
Vestibular  habituation  during  sinusoidal  oscillations  in  this  range  of  frequencies 
can  be  excluded.12 

Calibration  of  eye  movement  was  made  before  and  after  each  test. 
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B.  Suppression  of  Postrotational  Nystagmus 

The  subject  was  accomodated  in  the  rotatory  chair  as  in  situation  A.  After 
calibration  of  eye  movement,  the  chair  was  accelerated  at  1  “/second2  to  reach  a 
velocity  of  120°/second.  This  velocity  was  maintained  for  three  minutes.  Then 
the  chair  was  stopped  (braking  time  of  two  seconds). 

Four  postrotational  tests  of  this  type  were  executed  on  each  subject  of  this 
group  on  different  days.  In  the  first  test,  no  fixation  task  was  given  to  the  subject. 
In  the  second  test,  the  loudspeaker  was  switched  on  10  seconds  after  the  chair 
stop  and  then  switched  off  after  5  seconds.  In  the  third  test,  the  lamp  was 
switched  on  and  off  in  the  same  way.  In  the  last  test,  the  room  was  illuminated  for 
5  seconds  starting  10  seconds  after  the  chair  stop. 

Since  repetition  of  postrotational  stimuli  can  produce  vestibular  habituation, 
suppression  of  postrotational  nystagmus  by  fixation  of  imaginary  or  propriocep¬ 
tive  targets  was  not  examined.910 


C.  Fixation  of  Space-Stationary  Visual  and  Nonvisual  Targets 
during  Sinusoidal  Head  Oscillations 

The  subject  was  accomodated  in  the  rotatory  chair  as  in  situations  A  and  B. 
After  calibration  of  eye  movement,  the  chair  was  made  to  rotate  sinusoidally  at 
0.2  Hz  with  a  peak  amplitude  of  30°.  As  in  situation  A,  every  10th  cycle  of  chair 
oscillation,  the  subject  had  to  perform  a  new  task.  The  sequence  was  mental 
arithmetic  in  the  dark,  fixation  of  an  imaginary  target,  fixation  of  an  acoustic 
target,  and  fixation  of  a  visual  target,  all  fixed  in  space. 

The  calibration  of  eye  movement  was  repeated  at  the  end  of  the  test. 


Eye-Movement  Recording  and  Data  Processing 

Eye  movements  were  recorded  by  d.c.  electro-oculography  (EOG)  through 
bitemporal  leads  on  the  outer  canthi.  Eye-position  and  chair-position  signals 
were  displayed  simultaneously  on  a  polygraph  and  stored  on  a  magnetic  tape. 
After  A/D  conversion,  EOG  data  were  processed  on  a  digital  computer  by  using  a 
special  interactive  program.23  The  amplitude,  duration,  and  mean  velocity  (SPV) 
of  the  slow  phase  of  each  nystagmus  beat  were  computed.  By  removing  the  fast 
components  of  nystagmus  and  fitting  together  the  slow  phases,3  the  slow  cumula¬ 
tive  eye  position  (SCEP)  also  was  reconstructed. 

The  eye  movement  recorded  in  situations  A  and  C  during  the  first  cycle 
following  each  transition  from  one  experimental  condition  to  the  next  was  not 
considered  in  the  analysis. 

The  gain  of  a  response  was  defined  and  computed  as  the  ratio  between  the 
mean  amplitude  of  SCEP  over  several  cycles  and  the  amplitude  of  the 
corresponding  chair  rotation.  This  measure  of  the  gain  seems  to  be,  a  priori,  more 
i  correct  than  that  given  by  the  ratio  between  eye  and  chair  peak  velocities,  except 

j  for  VOR  responses  in  darkness  for  which  the  two  measures  should  be  the  same. 

Actually,  as  far  as  we  know  at  present,  a  role  of  SP  cannot  be  excluded  in  either 
nystagmus  suppression  or  full  compensation.  If  SP  does  play  a  role,  it  is  likely 
r  that  its  contribution  will  depend  nonlinearly  on  the  value  of  the  ongoing 

i  nystagmus  SPV.  Thus,  the  gain  computed  from  the  response  peak  velocity  will 

provide  a  measure  of  nystagmus  suppression  or  full  compensation  only  in  the 
worst  condition  concerning  SP  contribution  (maximal  difference  between  SPV 
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and  desired  eye  velocity).  On  the  contrary,  the  gain  computed  from  SCEP  will 
provide  a  more  comprehensive  measure  of  the  process. 


Results 

Typical  nystagmic  responses  recorded  while  the  subject  was  performing 
mental  arithmetic  (MA)  in  the  dark  during  sinusoidal  head  oscillations  at  0.05 
and  0.1  Hz  are  shown  in  the  first  records  of  Figures  1  and  2. 

In  all  the  subjects  examined,  the  reversal  of  nystagmus  direction  occurred 
almost  in  phase  with  the  reversal  of  chair  motion,  and  the  compensatory 
slow-phase  eye  movement  was  phase  opposite  to  head  movement.  The  ampli¬ 
tude  of  nystagmus  beats  was  modulated  sinusoidally,  with  the  largest  beats 
occurring  when  chair  velocity  reached  its  maximal  values.  The  number  of  beats 
per  half  a  period  of  chair  oscillation  was  almost  the  same  in  the  two  directions  of 
nystagmus  and  did  not  vary  significantly  among  the  subjects  (mean  value  of  28 
±  3  at  0.05  Hz  and  14  ±  2  at  0.1  Hz).  When  the  subject  was  presented  with  a 
fixation  target  moving  with  him,  the  nystagmic  response  underwent  significant 


G.M.  0.05  Hz 
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Figure  1.  Nystagmus  suppression  during  sinusoidal  head  oscillations  at  0.05  Hz  with  a 
peak  amplitude  of  320°.  MA,  mental  arithmetic  in  the  dark;  IT,  imaginary  target;  PT, 
proprioceptive  target;  AT,  acoustic  target;  VT,  visual  target.  Targets  were  moving  with  the 
subject.  The  last  record  gives  head  angular  position. 
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Figure  2.  Nystagmus  suppression  during  sinusoidal  head  oscillations  at  0.1  Hz  with  a 
peak  amplitude  of  120°.  Notations  are  as  in  Figure  1. 


modifications.  A  complete  suppression  of  nystagmus  was  observed  only  when  a 
visual  target  was  presented  (records  VT  in  Figures  1  and  2).  When  the  subject 
was  asked  to  maintain  the  fixation  of  a  nonvisual  target— either  imaginary  (IT), 
proprioceptive  (PT),  or  acoustic  (AT) — the  most  noticeable  modification  of 
nystagmus  upon  eye  inspection  of  it  was  a  general  reduction  of  nystagmus-beat 
amplitude.  Few  beats  of  large  amplitude  similar  to  those  recorded  in  the  dark 
could  be  observed  only  during  the  periods  of  highest  chair  velocity,  as  though  the 
subject  were  losing  temporarily  the  capability  of  suppressing  nystagmus. 

In  order  to  quantify  this  observation,  histograms  of  beat  amplitudes  were 
computed  by  considering  the  total  number  of  beats  in  four  periods  of  chair 
oscillation  for  different  experimental  situations.  A  typical  picture  is  shown  in 
Figure  3,  which  refers  to  one  subject  oscillated  at  0.05  Hz.  The  number  of  beats 
per  half  a  period  of  chair  oscillation  did  not  vary  significantly  from  one 
experimental  condition  to  another  (darkness  and  different  fixation  conditions).  In 
contrast,  remarkable  changes  were  found  in  the  amplitude  distribution.  A  strong 
concentration  toward  the  small  amplitudes  could  be  observed  when  a  fixation 
target  was  given  to  the  subject.  In  the  case  shown  in  Figure  3,  the  percentage  of 
beats  with  amplitude  of  less  than  6°  was  only  44  when  the  subject  was 
performing  mental  arithmetic  in  the  dark,  and  it  doubled  when  the  subject  was 
trying  to  keep  the  fixation  of  a  nonvisual  target,  regardless  of  the  type  of  target. 

Computer  analysis  of  the  responses  revealed  other  differences.  Figure  4 
shows  the  diagrams  of  the  slow  cumulative  eye  position  constructed  from  the 
responses  in  Figure  l.  In  the  fixation  condition,  there  is  a  remarkable  decrease  of 
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Figure  3.  Histograms  of  nystagmus  beat  amplitude  computed  from  the  total  number  (N) 
of  beats  in  four  periods  of  chair  oscillation  for  different  experimental  situations.  The 
frequency  of  chair  oscillation  was  0.05  Hz,  and  the  peak  amplitude  320°. 


10  s 

Figure  4.  Diagrams  of  the  slow  cumulative  eye  position  (SCEP)  constructed  from  the 
responses  in  Figure  1. 
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SCEP  peak  amplitude.  The  decrease  was  greater  when  the  subject  was  presented 
with  a  real  (proprioceptive  or  acoustic)  than  with  a  virtual  (imaginary)  nonvisual 
target. 

The  mean  values  (five  subjects)  of  the  ratio  between  the  average  peak 
amplitude  of  SCEP  over  four  periods  and  the  peak  amplitude  of  chair  rotation 
(gain)  are  reported  in  Figure  5  for  the  two  examined  frequencies.  Standard 
deviations  also  are  reported.  There  is  a  slight  decrease  of  gain  from  the  lower  to 
the  upper  frequency  in  all  the  experimental  situations.  The  mean  gains  in  MA, 
IT,  PT,  and  AT  conditions  were  0.54, 0.40, 0.32,  and  0.34  at  0.05  Hz  and  0.48, 0.34, 
0.27,  and  0.32  at  0.1  Hz  respectively.  The  difference  between  the  values  observed 
at  the  two  frequencies  might  depend  simply  on  the  fact  that  the  chair  movement 
was  programmed  for  a  given  amplitude  of  rotation  at  the  examined  frequency. 


o  Mental  arithmetic  in  the  dark 
a  Imaginary  Target 
a  Proprioceptive  Target 
•  Acoustic  Target 


FREQUENCY  (Hz) 


Figure  5.  Mean  values  and  standard  deviations  of  the  gain  computed  as  the  ratio 
between  the  average  peak  amplitude  of  SCEP  over  four  periods  and  the  peak  amplitude  of 
chair  rotation  for  the  two  examined  frequencies. 


but  the  real  amplitude  of  chair  rotation  depended  on  the  subject’s  weight.  The 
influence  of  subject’s  weight  obviously  is  greater,  the  higher  the  frequency. 

It  also  is  worth  reporting  that  the  gains  computed  from  peak  SPV  in  fixation 
conditions  were  slightly  greater  in  general  than  the  corresponding  gains 
computed  from  peak  SCEP. 

At  the  end  of  the  sinusoidal  suppression  tests,  the  subjects  reported  the 
following  sensations.  When  a  visual  target  was  presented,  a  stable  vision  of  it 
could  be  maintained  almost  throughout  the  cycle  of  chair  oscillation.  Only  during 
short  periods  corresponding  to  the  highest  chair  velocities  did  the  vision  of  the 
lamp  become  blurred.  When  a  nonvisual  target  was  presented,  the  subjects  felt 
unable  to  keep  the  fixation  of  it  until  the  chair  approached  its  reversal  position.  A 
good  fixation  was  thought  to  be  maintained  for  a  short  period  during  and  after 
chair  reversal,  and  then  suddenly  was  lost.  The  subjects  felt  that  they  had  to  wait 
for  each  new  reversal  of  the  chair  in  order  to  achieve  fixation. 
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These  sensations  were  perfectly  consistent  with  the  characteristics  of  the 
recorded  responses.  Also,  because  of  a  previous  finding  by  our  group  that 
nystagmus  suppression  by  fixation  of  an  acoustic  target  was  much  more  effective 
if  the  target  was  presented  before  the  start  of  chair  motion,  we  wondered 
whether  nystagmus  suppression  by  fixation  of  nonvisual  targets  can  be  initiated 
only  if  the  target  is  presented  during  periods  of  low  eye  velocity. 

In  order  to  investigate  this  point,  experiments  in  the  form  of  situation  B  were 
conceived.  The  target  (visual  or  acoustic)  was  presented  10  seconds  after  the 
chair  stop  in  postrotational  tests  of  120°/second.  Although  postrotational 
responses  are  characterized  by  a  great  variability  concerning  both  their  gain  and 
their  time  course,  a  value  of  SPV  ranging  from  30  to  50°/second  could  be 
assumed  present  at  the  time  of  target  presentation.  The  target  was  maintained  for 
only  5  seconds,  during  which  the  SPV  in  the  dark  normally  decreases  by  about 
20%.  The  target  then  was  made  to  disappear  in  order  to  investigate  a  further 
point:  Does  the  response  immediately  return  to  the  normal  pattern  in  the  dark  or 
does  it  remain  influenced  by  the  existence  of  a  previous  period  of  suppression? 

Typical  results  are  reported  in  Figures  6  and  7.  Figure  6  shews  the  eye 
movements  recorded  before,  during,  and  after  the  period  of  fixation,  which 
corresponds  to  the  interval  delimited  by  the  two  asterisks.  The  first  four  diagrams 
in  Figure  7  show  the  time  course  of  nystagmus  SPV  computed  from  the  same 
responses.  Each  dot  gives  the  mean  slow-phase  velocity  of  a  nystagmus  beat.  The 
first  record  in  Figure  6  and  diagram  1  in  Figure  7  refer  to  the  postrotational  test 
performed  in  the  dark  without  any  fixation  period.  The  second  record  in  Figure  6 
and  diagram  2  in  Figure  7  were  obtained  from  the  fixation  test  performed  with 
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Figure  6.  Eye  movement  recorded  before,  during,  and  after  the  period  of  fixation  in  the 
postrotational  tests  referred  to  as  situation  B  in  the  methods  section.  The  period  of  fixation 
is  delimited  by  two  asterisks. 
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Figure  7.  Time  course  of  nystagmus  slow-phase  velocity  (SPV)  in  the  postrotational  tests. 
Each  dot  gives  the  mean  slow-phase  velocity  of  a  nystagmus  beat.  Diagrams  1  to  4  were 
obtained  from  the  responses  in  Figure  6  (subject  G.B.).  Diagram  5  was  obtained  from  a 
different  subject,  who  presented  an  appreciable  nystagmus  suppression  during  the  presen¬ 
tation  of  the  acoustic  target.  Diagram  6  was  obtained  from  the  response  recorded  from 
subject  G.B.  during  a  postrotational  test  performed  with  an  acoustic  target  presented  10 
seconds  before  the  chair  stop  and  maintained  for  25  seconds.  Diagram  6  should  be 
compared  with  diagram  2. 


an  acoustic  target.  In  this  subject  and  in  three  other  subjects  of  this  group,  fixation 
of  an  acoustic  target  presented  after  the  chair  stop  produced  only  a  change  in 
beat  amplitude  but  no  significant  variations  in  nystagmus  SPV.  In  only  one 
subject,  AT  fixation  produced  an  appreciable  depression  of  nystagmus  SPV,  but 
no  aftereffect  could  be  observed  (diagram  5  in  Figure  7). 

Nystagmus  suppression  became  much  more  powerful  if  the  acoustic  target 
was  presented  before  the  chair  stop.  Diagram  6  in  Figure  7  shows  the  time  course 
of  SPV  in  a  postrotational  response  recorded  in  this  condition.  The  target  was 
presented  10  seconds  before  the  chair  stop  and  was  maintained  for  25  seconds. 
Diagram  6  should  be  compared  with  diagram  2  of  the  same  figure.  They  both 
were  obtained  from  the  same  subject. 
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The  fixation  of  a  small  lamp  produced  an  almost  complete  suppression  of  the 
postrotational  response  in  all  subjects  (record  3  in  Figure  6  and  diagram  3  in 
Figure  7).  Typically,  when  the  lamp  was  switched  off,  the  response  returned 
immediately  to  its  normal  values  of  SPV,  with  a  possible  small  overshoot. 

The  overshoot  disappeared  if  the  light  in  the  room  was  switched  on  rather 
than  the  small  lamp  (diagram  4  in  Figure  7).  Except  for  the  response  of  one 
subject,  which  remained  clearly  depressed  after  the  light  was  switched  off,  the 
responses  of  the  remaining  subjects  were  such  as  to  prevent  any  definite 
conclusion  about  the  existence  of  an  aftereffect. 

Let  us  finally  consider  the  results  obtained  when  the  subject  was  made  to 
oscillate  at  0.2  Hz  in  front  of  a  target  (visual,  imaginary,  or  acoustic)  fixed  in 
space.  As  shown  in  Figure  8,  a  full  compensation  of  head  rotation  could  be 
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Figure  8.  Eye  movement  recorded  while  the  subject  was  made  to  oscillate  in  the  dark  at 
0.2  Hz  with  no  fixation  target  (record  MA)  and  in  front  of  an  imaginary  target  (record  IT),  an 
acoustic  target  (record  AT),  or  a  visual  target  (record  VT)  fixed  in  space.  The  peak 
amplitude  of  chair  oscillation  was  30°. 


obtained  only  when  the  subject  was  presented  with  a  visual  target  (record  VT). 
The  fixation  of  a  nonvisual  target  (imaginary  or  acoustic)  made  the  fast  phase  of 
nystagmus  disappear  almost  completely,  but  the  gain  of  the  remaining  smooth 
eye  movement  was  slightly  less  than  unity.  In  some  subjects,  not  as  skillful  as  the 
one  considered  in  Figure  8,  compensatory  saccades  sometimes  occurred  in  the 
response.  In  these  cases,  the  gain  of  the  response  was  computed  by  combining 
only  the  smooth  portions  of  eye  movement,  as  for  nystagmus  in  the  dark.  The 
mean  values  of  the  gain  and  its  standard  deviations  (five  subjects)  were  0.56 
±  0.08  with  mental  arithmetic  in  the  dark  without  fixation,  0.84  ±  0.06  with 
fixation  of  an  imaginary  target,  0.88  ±  0.07  with  fixation  of  the  acoustic  target,  and 
1.0  with  fixation  of  the  visual  target. 
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Discussion 

The  results  reported  in  this  paper  confirm  a  previous  finding  that  vestibular 
nystagmus  can  be  modified  strongly  by  fixation  of  nonvisual  targets  either 
moving  with  the  subject  or  fixed  in  space.224  Since  no  smooth  pursuit  of  moving 
nonvisual  targets  can  be  produced  by  untrained  subjects  stationary  in  space,25  28 
one  would  be  led  to  conclude  that  the  smooth-pursuit  system  does  not  play  any 
significant  role  in  the  observed  modifications  of  the  vestibulo-ocular  response. 

As  a  matter  of  fact,  the  results  of  Lisberger  and  Fuchs  on  Purkinje  cell  (P-cell) 
activity  in  the  flocculus  during  nystagmus  suppression  indicate  the  existence  of  a 
neural  circuit  different  from  the  SP  system  and  able  to  control  VOR  gain. 1715 
Actually,  two  components  were  found  in  P-cell  activity:  a  head-velocity  compo¬ 
nent  and  an  eye-velocity  component,  which  are  linearly  additive.  The  first 
component  is  provided  by  vestibular  mossy  fibers  probably  originating  from  the 
vestibular  nerve  or  nucleus.  The  second  component,  which  leads  to  a  modulation 
of  P-cell  firing  rate  that  is  correlated  with  eye  velocity  and  uncorrelated  with 
retinal-error  velocity,  clearly  is  present  during  SP  eye  movements  but  is  not 
provided  by  the  visual  system.  It  has  been  suggested  that  this  component  reaches 
the  flocculus  through  a  corollary  discharge  pathway,  bringing  about  an  efference 
copy  of  eye  velocity.'7  '8 

Since  the  flocculus  exerts  an  inhibitory  action  on  interneurons  in  the  brain¬ 
stem  VOR  pathways,  the  following  mechanism  of  VOR  gain  control  has  been 
proposed.’7'8  During  head  rotation  in  the  dark,  the  head-velocity  and  eye- 
velocity  components  of  P-cell  activity  are  equal  and  opposite,  and  they  cancel 
each  other;  then  the  inhibition  normally  exerted  by  the  flocculus  on  the  VOR  is 
not  modulated,  and  the  VOR  keeps  the  gain  of  0.4  to  0.6  observed  in  the  dark. 
During  nystagmus  suppression  by  fixation  of  a  visual  target  moving  with  the 
subject,  the  eye-velocity  component  is  zero  and  the  head  velocity  component 
passes  through  the  flocculus,  reaches  the  brain-stem  interneurons,  and  inhibits 
the  VOR  pathways,  the  gain  of  which  is  maintained  equal  to  zero.  During  the 
fixation  of  a  visual  target  stationary  in  space,  the  eye-velocity  component  of 
P-cell  activity  is  larger  than  the  head-velocity  component.  A  disinhibition  of  VOR 
thus  would  take  place,  and  VOR  gain  is  increased  from  0.4-0.6  to  unity. 

There  is  no  doubt  that  such  a  mechanism  of  VOR  control  is  able  to  maintain 
its  gain  close  to  zero  or  close  to  unity  depending  on  whether  the  subject  is  fixating 
at  a  target  moving  with  him  or  remaining  stationary  in  space  during  head 
rotation.  The  same  mechanism  also  would  help  the  SP  system  when  a  stationary 
subject  has  to  track  a  moving  target.  Nevertheless,  if  the  flocculus  is  able  to 
sustain  nystagmus  suppression  or  full  compensation,  some  other  system  should 
intervene  to  initiate  this  process.  In  the  case  of  visual  target  fixation,  this  role  is 
likely  to  be  played  by  the  SP  system. 

When  the  subject  is  rotated  in  front  of  a  visual  target  moving  with  him,  the  eye 
deviation  induced  by  the  vestibular  stimulation  produces  a  retinal  slip,  which 
activates  the  SP  system.  The  neural  command  generated  by  this  system  then  will 
reduce  eye  velocity  and  provoke  an  imbalance  between  the  head-velocity  and 
eye-velocity  components  of  P-cell  activity.  The  first  component  would  become 
predominant,  and  the  flocculus  inhibition  on  the  VOR  would  be  increased.  The 
eye  velocity  then  will  decrease  further,  and  this  positive  reaction  will  go  on  until 
eye  velocity  is  reduced  to  zero.  Once  initiated  by  the  SP  system,  the  same  positive 
reaction  will  bring  the  gain  of  the  compensatory  eye  movement  up  to  unity  in  the 
case  of  fixation  on  visual  targets  fixed  in  space.  Does  SP  merely  initiate  these 
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processes  or  does  it  also  participate  in  sustaining  them?  A  contribution  of  SP  in 
steady-state  conditions  cannot  be  excluded,  as  the  partial  leak  of  nystagmus 
suppression  at  high  head  angular  velocities  seems  to  indicate. 

Nevertheless,  the  major  role  of  SP  in  steady-state  conditions  rather  would  be 
that  of  contrasting  any  deviation  of  the  eyes  from  the  desired  position.  Due  to  the 
adaptation  of  VOR  gain  by  the  flocculus,  the  SP  system  is  made  to  work  with 
small  retinal-slip  velocities  and  therefore  in  the  range  of  high  gain  of  its 
nonlinear  characteristic.  In  this  condition,  the  SP  system  constitutes  an  extremely 
sensitive  mechanism  that  reacts  strongly  to  the  occurrence  or  to  any  increase  of 
retinal  slip. 

If  it  is  the  SP  system  that  initiates  nystagmus  suppression  or  full  compensa¬ 
tion,  how  can  the  results  reported  in  this  paper  for  fixation  of  nonvisual  targets  be 
explained? 

Smooth  tracking  of  nonvisual  targets  is  absent  almost  completely  in  untrained 
subjects  remaining  stationary  in  space.25,28  According  to  the  perceptual  feedback 
hypothesis,  smooth-pursuit  movements  can  be  produced  whenever  the  central 
nervous  system  (CNS)  is  provided  with  enough  sensory  motion  information  to 
generate  a  continuous  reference  signal  to  the  SP  system.27,28  It  therefore  could  be 
concluded  that  nonvisual  systems  are  unable  to  provide  such  an  amount  of 
sensory  information. 

What  happens  when  the  CNS  receives  both  proprioceptive  and  acoustic 
information  about  target  position  and  vestibular  information  about  the  subject’s 
head  rotation?  It  has  been  suggested  that  the  motion  information  provided  by  the 
vestibular  system  can  integrate  extravestibular,  nonvisual  sensory  information  in 
such  a  way  as  to  make  a  weak  SP  possible.11,29  If  this  actually  is  the  case,  the 
results  reported  in  this  paper  can  be  given  a  simple  interpretation. 

To  be  more  specific  let  us  make  reference  to  the  block  diagram  in  Figure  9, 
which  shows  the  main  pathways  involved  in  oculomotor  control.  Head  angular 
velocity  (0H)  is  perceived  by  the  semicircular  canals  (SCC),  which  send  a  measure 
(#S)  of  it  to  the  vestibular  nuclei  (VN)  and  to  the  P-cells  of  the  flocculus  (FI).  The 
VOR  is  completed  by  the  monosynaptic  and  polysynaptic  pathways  reaching  the 
oculomotor  nuclei  through  the  brain  stem,  where  a  neural  integrator  (I)  is 
located.18  VOR  gain  is  modulated  by  the  P-cells  of  the  flocculus,  which  make  a 
linear  algebraic  addition  of  the  head-velocity  signal  and  the  efference  copy  8* 
of  eye  velocity  provided  by  a  corollary  discharge  pathway.17  The  output  of  the 
flocculus  is  sent  to  inhibit  interneurons  in  the  brain  stem  VOR  pathways.  K  is  a 
gain  factor.  Since  a  vestibular  signal  still  is  present  in  the  VN  during  nystagmus 
suppression,38,31  the  inhibitory  projections  from  the  flocculus  are  represented  as 
reaching  the  brain  stem  beyond  the  VN. 

A  central  reconstructor  (CR)  receives  visual  information  from  the  retina  and 
nonvisual  information  from  other  sensory  systems  (proprioceptive,  acoustic,  and 
vestibular  systems).  The  CR  also  should  receive  an  efference  copy  of  eye 
velocity.27  In  turn,  the  CR  sends  a  velocity  reference  signal  0R  to  the  smooth- 
pursuit  system  (SP  Syst.).  The  output  of  this  system  is  integrated  by  the  brain-stem 
integrator  I,  which  is  likely  to  be  the  same  for  all  the  oculomotor  pathways.18 
Then  the  signal  reaches  the  oculomotor  nuclei. 

Full-field  stimulations  of  the  retina  also  activate  the  optokinetic  system  (OK 
Syst.),  which  is  depicted  in  Figure  9  according  to  a  previous  model  proposed  by 
Schmid  et  of.32,33  One  optokinetic  pathway  reaches  the  VN  and  contains  a  storage 
mechanism  (SM).34'37  A  second  optokinetic  pathway  reaches  the  central  integra¬ 
tor  without  passing  through  the  VN.38  This  second  pathway  mainly  would  be 
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activated  by  the  stimulation  of  the  central  part  of  the  retina  and  also  could  be 
considered  as  a  part  of  the  SP  system.32 

How  does  the  system  in  Figure  9  work  in  the  different  experimental 
conditions  examined  in  this  paper? 

Let  us  first  consider  the  case  of  small-visual-target  fixation  during  head 
rotation.  Since  the  optokinetic  system  is  not  involved,  the  model  in  Figure  9  can 
be  simplified  as  in  Figure  10.  Retinal-slip  velocity,  8 rs,  is  obtained  as  the 
difference  between  target  velocity,  ®vt.  and  absolute  eye  velocity  (0E  +  0H)-  Ksp 
represents  the  open-loop  gain  of  the  SP  system.  In  the  case  of  visual-target 
fixation,  a  high  value  of  KSP,  greater  than  10,  can  be  assumed  at  least  for  small 
retinal-slip  velocities. 


Figure  9.  Block  diagram  of  the  major  pathways  involved  in  oculomotor  control.  CR, 
central  reconstructor  of  target  motion;  D,  derivator;  FI,  flocculus;  1,  central  neural  integra¬ 
tor;  OK  Syst.,  optokinetic  system;  OMA,  oculomotor  apparatus;  SCC,  semicircular  canals; 
SM,  storage  mechanism;  SP  Syst.,  smooth-pursuit  system;  VN,  vestibular  nuclei;  0E,  eye 
position  in  the  head;  0E,  eye  velocity  in  the  head;  flE,  efference  copy  of  eye  velocity;  6H,  head 
angular  velocity;  0B.  head-velocity  signal;  0R,  reference  signal  to  the  SP  system;  K,  gain  of 
the  inhibitory  cerebellovestibular  pathway. 


Let  Kv  -  0.6  be  the  gain  of  the  peripheral  vestibular  system  at  the  frequencies 

considered  in  our  sinusoidal  tests.  In  the  dark,  0R8  -  0  and  0E - 0H.  Then  Kv  - 

0.6  also  will  be  the  VOR  gain  in  this  condition.  Conceptually,  there  is  no 
difference  if  the  gain  of  0.6  actually  is  distributed  along  the  vestibulo-ocular 
pathways. 

When  the  subject  is  presented  with  a  visual  target  moving  with  him,  this 
results  in  dyj  -  0H  and  8M  -  -0E.  Then  the  SP  system  initiates  nystagmus 
suppression.  At  steady  state,  the  ratio  between  eye  velocity  0E  and  head  velocity 
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dH  (gain  of  the  vestibulo-ocular  response)  is  given  by 

Ky 

8‘  "  1  +  [Wd  -  KM 

where  K  is  the  gain  of  the  flocculus  inhibitory  pathway.  By  assuming  KSP  -  10  and 
K  -  0.8,  this  results  in  g,  -  0.01.  A  complete  suppression  of  nystagmus  therefore  is 
predicted.  At  steady  state,  the  SP  system  would  contribute  to  nystagmus  suppres¬ 
sion  by  only  12%. 

When  the  subject  is  presented  with  a  visual  target  fixed  in  space,  this  results 
in  Syr  -  0  and  8RS  =  -  (0H  +  0E).  If  the  VOR  gain  is  less  than  1,  a  retinal  slip  takes 
place,  which  forces  the  SP  system  to  contribute  to  full  compensation  of  head 
rotation.  At  steady  state,  the  gain  gc  -  0E/0H  is  given  by 

(1  -  K)KV  +  KSP 
8c  “  1  -  K  +  KSP 

By  giving  the  parameters  the  same  values  as  in  the  preceding  case,  this  results 
in  gc  -  0.99.  The  steady-state  SP  contribution  to  full  compensation  is  only  8%. 


Figure  10.  Model  of  visual-vestibular  interaction  during  fixation  of  small  visual  targets. 
SCC,  SP,  K,  0H.  and  0E,  as  in  Figure  9.  KSP,  gain  of  the  smooth-pursuit  system;  SRS,  retinal-slip 
velocity;  0vt.  absolute  visual-target  velocity. 


In  the  case  of  nonvisual  targets,  an  extremely  low  value  of  KSP  can  be 
assumed  to  account  for  the  difficulty  of  the  CR  in  producing  an  appropriate 
signal  to  the  SP  system. 

By  assuming  KSP  -  0.2,  this  results  in  g,  -  0.3  and  gc  -  0.8,  respectively.  These 
values  of  the  gain  are  close  to  those  observed  experimentally.  The  steady-state  SP 
contribution  is  negligible  in  both  conditions  of  fixation. 

Let  us  finally  make  a  short  comment  on  the  results  obtained  in  the  postrota- 
tional  test.  Due  to  the  high  values  of  the  vestibular  component  of  eye  movement 
during  the  whole  period  of  target  presentation,  it  reasonably  can  be  expected  that 
the  central  reconstructor  is  unable  to  provide  a  reference  signal  to  the  SP  system 
unless  visual  information  on  target  motion  is  provided.  The  absence  of  suppres¬ 
sion  in  most  of  the  tests  performed  with  the  presentation  of  an  acoustic  target 
after  the  chair  stop  thus  would  be  justified. 


Schmid  et  al.:  Modifications  of  Nystagmus 


703 


If  the  acoustic  target  is  presented  before  the  chair  stop,  it  is  likely  that  a  weak 
reference  signal  to  the  SP  system  can  be  generated  during  the  first  instants  of  the 
response,  when  nystagmus  SPV  still  is  small  (particularly  in  our  experiments, 
where  the  braking  time  was  two  seconds).  Suppression  thus  would  be  triggered, 
then  to  be  sustained  by  flocculus  inhibition  of  the  VOR.  In  any  case,  this 
important  point  must  be  investigated  further,  probably  by  using  more  suitable 
patterns  of  stimulation. 

The  absence  of  any  aftereffect  at  the  end  of  the  presentation  of  a  small  target 
is  not  surprising,  since  no  storage  mechanism  is  likely  to  exist  in  the  SP  system. 
On  the  contrary,  when  the  light  was  switched  on  in  the  room  and  a  full-field 
optokinetic  stimulation  was  provided  to  the  subject,  the  storage  mechanism  in  the 
optokinetic  pathway  reaching  the  VN  should  have  been  charged.  Its  later 
dischaige  after  the  return  to  the  dark  then  would  maintain  a  depressed  nystag¬ 
mus  SPV.  This  fact  could  not  be  observed  in  our  results  as  clearly  as  in  the  results 
of  other  authors,  who  used  a  different  profile  of  chair  velocity.34 

In  conclusion,  the  results  reported  in  this  paper  and  their  quantitative-model 
interpretation  indicate  that  the  main  role  of  the  SP  system  in  nystagmus  suppres¬ 
sion  and  in  full  compensation  is  that  of  initiating  both  these  processes.  At  steady 
state,  its  contribution  is  small  although  not  completely  absent. 

Nystagmus  suppression  or  full  head-movement  compensation  is  sustained 
almost  exclusively  by  an  appropriate  control  of  VOR  gain  through  a  modulation 
of  the  inhibition  exerted  by  the  flocculus. 

This  conclusion  is  perfectly  consistent  with  the  neurophysiological  evidence 
of  a  participation  of  flocculus  P-cells  in  nystagmus  suppression  and  with  the 
results  of  a  previous  analysis  by  Barr  et  al.  on  voluntary  nonvisual  control  of  the 
human  vestibulo-ocular  reflex.11714  Finally,  the  model  in  Figure  9  can  provide  a 
good  reference  for  the  interpretation  of  SP  and  nystagmus-suppression  deficits  in 
cerebellar  and  extracerebellar  patients.1 4,7 


References 

1.  Dichgans,  [.,  G.  M.  von  Reutern  &  U.  Rommelt.  1978.  Impaired  suppression  of 

vestibular  nystagmus  by  fixation  in  cerebellar  and  noncerebellar  patients.  Arch. 
Psychiatr.  Nervenkr.  228: 183-199. 

2.  Barr,  C.  C.,  L.  W.  Schultheis  &  D.  A.  Robinson.  1976.  Voluntary,  non-visual  control 

of  the  human  vestibulo-ocular  reflex.  Acta  Otolaryngol.  81:  365-375. 

3.  Meiry,  J.  L.  1971.  Vestibular  and  proprioceptive  stabilization  of  eye  movements.  In 

The  Control  of  Eye  Movements.  P.  Bach-y-Rita  &  C.  C.  Collins,  Eds.:  483-496. 
Academic  Press,  Inc.  New  York,  N.Y. 

4.  Fender,  D.  H.  &  P.  W.  Nye.  1961.  An  investigation  of  the  mechanism  of  eye  movement 

control.  Kybemetik  1: 81-88. 

5.  SGnderhauf,  A.  1960.  Untersuchungen  tlber  die  Regelung  der  Augenbewegungen. 

Klin.  Monatsbl.  Augenheilkd.  138:  837-852. 

6.  Zee,  D.  S..  R.  D.  Yee,  D.  G.  Cocan,  D.  A.  Robinson  &  W.  K.  Engel.  1976.  Ocular  motor 

abnormalities  in  hereditary  cerebellar  ataxia.  Brain  89:  207-234. 

7.  Mira,  E„  E.  Mevio,  P.  Zanocco  &  P.  Castelnuovo.  1981.  Impaired  suppression  of 

vestibular  nystagmus  by  fixation  of  visual  and  acoustic  targets  in  neurological 
patients.  Ann.  N.Y.  Acad.  Sci.  (This  volume.) 

8.  Robinson,  D.  A.  1965.  The  mechanics  of  human  smooth  pursuit  eye  movement.  J. 

Physiol.  188: 569-591. 

9.  Jeannerod,  M„  M.  Magnin,  R.  Schmid  &  M.  Stefanelli.  1976.  Vestibular  habituation 

to  angular  velocity  steps  in  the  cat.  Biol.  Cybernet.  22: 39-48. 

10.  ClEment,  G.,  |.  H.  Courion,  M.  Jeannerod  &  R.  Schmid.  1981.  Unidirectional 


704 


Annals  New  York  Academy  of  Sciences 


habituation  of  vestibulo-ocular  responses  by  repeated  rotational  or  optokinetic 
stimulations  in  the  cat.  Exp.  Brain  Res.  42: 34-42. 

11.  Buizza,  A..  A.  Leger,  A.  Berthoz  &  R.  Schmid.  1979.  Otolithic-acoustic  interaction  in 

the  control  of  eye  movement.  Exp.  Brain  Res.  36:  509-522. 

12.  Gonshor,  J.  H.  &  G.  Melvill  Jones.  1973.  Changes  of  human  vestibulo-ocular 

response  induced  by  vision  reversal  during  head  rotation.  J.  Physiol.  234: 102P. 

13.  Gonshor,  A.  &  G.  Melvill  Jones.  1976.  Extreme  vestibulo-ocular  adaptation  induced 

by  prolonged  optical  reversal  of  vision.  J.  Physiol.  256: 381-414. 

14.  Robinson,  D.  A.  1976.  Adaptive  gain  control  of  vestibuloocular  reflex  by  the  cerebel¬ 

lum.  J.  Neurophysicl.  5: 954-968. 

15.  Ito,  M.  1972.  Neural  design  of  the  cerebellar  motor  control  system.  Brain  Res. 

40: 81-84. 

16.  Robinson,  D.  A.  1975.  Oculomotor  control  signals.  In  Basic  Mechanisms  of  Ocular 

Motility  and  Their  Clinical  Implications.  G.  Lennerstrand  &  P.  Bach-y-Rita,  Eds.: 
337-374.  Pergamon  Press.  Oxford,  England. 

17.  Lisberger,  S.  G.  &  A.  F.  Fuchs.  1977.  Role  of  the  primate  flocculus  in  smooth  pursuit 

eye  movements  and  rapid  behavioral  modifications  of  the  vestibulo-ocular  reflex. 
Dev.  Neurosci.  1: 381-389. 

18.  Lisberger,  S.  G.  &  A.  F.  Fuchs.  1978.  Role  of  primate  flocculus  during  rapid  behavioral 

modifications  of  vestibulo-ocular  reflex.  I.  Purkinje  cell  activity  during  visually 
guided  horizontal  smooth-pursuit  eye  movements  and  passive  head  rotation,  j. 
Neurophysiol.  41:  733-763. 

19.  Takemori,  S.  &  B.  Cohen.  1974.  Loss  of  visual  suppression  of  vestibular  nystagmus 

after  flocculus  lesions.  Brain  Res.  72: 213-224. 

20.  Courjon,  J.  H.  1978.  Role  du  cervelet  dans  la  compensation  visuelle  d'un  deficit 

labyrinthique.  Doctoral  Thesis.  University  Claude  Bernard.  Lyon.  France. 

21.  Hart,  C.  W.  1967.  Ocular  fixation  and  the  caloric  test.  Laryngoscope  77: 2103-2114. 

22.  Alpert,  J.  N.  1974.  Failure  of  fixation  suppression:  a  pathological  effect  of  vision  on 

caloric  nystagmus.  Neurology  24: 891-896. 

23.  Buizza,  A.,  R.  Schmid,  A.  Zanibelli,  E.  Mira  &  P.  Semplici.  1978.  Quantification  of 

vestibular  nystagmus  by  an  interactive  program.  ORL  40: 147-159. 

24.  Takahashi,  M.,  T.  Uemura  &  T.  Fuiishiro.  1980.  Studies  of  the  vestibulo-ocular  reflex 

and  visual-vestibular  interactions  during  active  head  movements.  Acta  Otolaryngol. 
90: 115-124. 

25.  Gauthier,  G.  &  J.  M.  Hofferer.  1976.  Eye  tracking  of  self-moved  targets  in  the 

absence  of  vision.  Exp.  Brain  Res.  26: 121-139. 

26.  Zambarbieri,  D.,  R.  Schmid,  C.  Prablanc  &  G.  Magenes.  1980.  Characteristics  of  eye 

movements  induced  by  the  presentation  of  acoustic  targets.  Prog.  Oculomotor  Res. 
(In  press.) 

27.  Yasui,  S.  1974.  Nystagmus  generation,  oculomotor  tracking  and  visual  motion  percep¬ 

tion.  Ph.D.  Dissertation.  Massachusetts  Institute  of  Technology.  Cambridge,  Mass. 

28.  Young,  L.  R.  1977.  Pursuit  eye  movement— What  is  being  pursued?  Dev.  Neurosci. 

1: 29-36. 

29.  Buizza,  A.,  R.  Schmid  &  J.  Droulez.  1980.  Influence  of  linear  acceleration  on 

oculomotor  control.  Prog.  Oculomotor  Res.  (In  press.) 

30.  Keller,  E.  L.  &  P.  D.  Daniels.  1975.  Oculomotor  related  interaction  of  vestibular  and 

visual  stimulation  in  vestibular  nucleus  cells  in  alert  monkey.  Exp.  Neurol.  48: 187- 
198. 

31.  Buettner,  U.  W.  &  U.  BOttner.  1979.  Vestibular  nuclei  activity  in  the  alert  monkey 

during  suppression  of  vestibular  and  optokinetic  nystagmus.  Exp.  Brain  Res.  37: 581- 
593. 

32.  Schmid,  R„  D.  Zambarbieri  &  R.  Sardi.  1979.  A  mathematical  model  of  the  optokinetic 

reflex.  Biol.  Cybernet.  34: 215-225. 

33.  Schmid,  R„  A.  Buizza  8  D.  Zambarbieri,  1980.  A  non-linear  model  for  visual- 

vestibular  interaction  during  body  rotation  in  man.  Biol.  Cybernet.  36: 143-151. 

34.  Allum,  J.  H.  J.,  W.  Graf;  J.  Dichgans  &  C.  L.  Schmidt.  1976.  Visual-vestibular 

interactions  in  the  vestibular  nuclei  of  the  goldfish.  Exp.  Brain  Res.  26:  463-485. 


* 


Schmid  et  al.:  Modifications  of  Nystagmus  70 5 

35.  Robinson,  D.  A.  1977.  Linear  addition  of  optokinetic  and  vestibular  signals  in  the 

vestibular  nuclei.  Exp.  Brain  Res.  30: 447-450. 

36.  Waespe,  W.  A  V.  Henn.  1979.  Motion  information  in  the  vestibular  nuclei  of  alert 

monkeys:  visual  and  vestibular  input  versus  optomotor  output,  fn  Reflex  Control  of 
Posture  and  Movements.  R.  Granit  4  O.  Pompeiano,  Eds.:  683-693.  Elsevier/ 
North-Holland.  Amsterdam,  the  Netherlands. 

37.  Raphan,  T.,  B.  Cohen  A  V.  Matsuo.  1977.  A  velocity-storage  mechanism  responsible 

for  optokinetic  nystagmus  (OKN),  optokinetic  after-nystagmus  (OKAN|,  and  vestibu¬ 
lar  nystagmus.  Dev.  Neurosci.  Is  37-47. 

38.  Koenig,  E.  1980.  Optokinetic  and  vestibular  after  effects  and  their  interaction.  Prog. 

Oculomotor  Res.  (In  press.) 


£ 

-45 


IMPAIRED  SUPPRESSION  OF  VESTIBULAR 
NYSTAGMUS  BY  FIXATION  OF  VISUAL  AND 
ACOUSTIC  TARGETS  IN  NEUROLOGICAL  PATIENTS* 

E.  Mira,  E.  Mevio,  P.  Zanocco,  and  P.  Castelnuovo 

Otorhinolaryngological  Clinic 
University  of  Pavia 
27100  Pavia,  Italy 


It  is  well  known  that  the  magnitude  of  vestibular-induced  nystagmus  largely 
is  dependent  on  the  degree  of  visual  fixation  permitted  during  a  test  procedure.1'3 
In  normal  subjects  and  in  peripheral  labyrinthine  patients,  caloric  nystagmus  is 
suppressed  markedly  by  visual  fixation,  whereas  patients  with  central  nervous 
system  (CNS)  disorders  may  show  no  difference  with  or  without  fixation.4'10 

Experimental  evidence  that  fixation  suppression  of  vestibular  nystagmus  in 
monkeys  was  severely  impaired  after  large  flocculus  lesions  was  provided  by 
Takemori  and  Cohen.11  At  present,  numerous  physiologic  and  anatomic  studies 
in  various  animal  species  prove  that  the  cerebellar  flocculus  plays  an  important 
role  in  the  control  of  the  vestibulo-ocular  reflex  (VOR)  and  that  it  is  the  center  of 
visual-vestibular  interaction.1214 

These  basic  findings  suggest  that  cerebellar  patients  could  be  unable  to  use 
visual  signals  to  modulate  vestibular-induced  eye  movements.  The  behavior  of 
visual-vestibular  interaction  in  subjects  with  cerebellar  atrophy  seems  to  support 
this  hypothesis,  and  its  testing  could  be  very  useful  in  topographical  diagnosis  of 
cerebellar  lesions.15  29 

On  the  other  hand,  the  inability  to  suppress  vestibular  nystagmus  by  visual 
fixation  correlates  well  with  defects  in  smooth-pursuit  (SP)  movements  and 
optokinetic  nystagmus  (OKN).  In  this  case,  impaired  fixation  suppression  could 
be  explained  by  an  associated  pursuit-system  defect,  not  exclusively  of  cerebellar 
origin.1*'17 

In  order  to  establish  whether  the  failure  of  fixation  suppression  of  vestibular 
nystagmus  is  due  entirely  to  defects  in  the  SP  system  or  to  an  impaired  control  of 
VOR  gain  by  the  cerebellum,  the  relationship  between  SP  eye  movements, 
vestibular  nystagmus,  and  fixation  suppression  induced  by  both  visual  and 
acoustic  targets  has  been  investigated  in  a  group  of  CNS  patients  with  cerebellar 
and  extracerebellar  disorders. 

Acoustic  targets  were  adopted  on  the  basis  of  suggestions  given  by  Schmid  et 
al.:22  retinal-slip  velocity  induced  by  slowly  moving  visual  targets  represents  the 
natural  input  of  the  oculomotor  smooth-pursuit  system.  Other  nonvisual  stimuli, 
such  as  acoustic,  proprioceptive,  or  imaginary  targets,  can  act  as  sensory  input  to 
a  central  reconstructor  of  the  target  velocity  relative  to  the  head,  which  in  turn 
drives  the  SP  system.  Pursuit  movements  generated  by  these  nonvisual  stimuli 
are  very  poor  and  largely  inadequate.18"21  However  these  inputs  are  effective  in 
modulating  the  VOR  gain  in  normal  subjects.22  What  do  they  do,  in  comparison 
with  visual  inputs,  in  CNS  patients? 


‘Work  supported  by  the  Italian  National  Research  Council,  CNR,  Special  Project  on 
Biomedical  Engineering,  Grant  No.  80.00342.86,  and  by  the  HUSPI  Project. 
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Methods 

Clinical  diagnoses  and  the  number  of  patients  examined  are  reported  in 
Table  1.  The  more  homogeneous  group,  classified  as  “pure  cerebellar,” 
comprises  10  subjects  presenting  exclusive  signs  of  cerebellar  dysfunction  due  to 
cortical  cerebellar  degeneration  of  various  origins.  Another  group,  classified  as 
"associated  cerebellar,”  consists  of  9  patients  presenting  concomitant  signs  of 
cerebellar  and  brain-stem  dysfunction  due  to  multiple  system  degeneration 
syndromes  or  to  tumors  with  secondary  processes  of  local  edema  or  vascular 
disturbances.  A  third  group  comprises  12  patients  with  miscellaneous  disorders 
of  the  CNS,  mainly  supratentorial,  in  whom  cerebellar  signs  definitely  were 


Table  1 
Subjects 


Cerebellar  Patients 


Pure  Cerebellar  Dysfunction 

10 

Alcoholic  degeneration 

3 

Toxic  degeneration 

2 

Degeneration  of  unknown  origin 
Associated  Cerebellar  Dysfunction 

5 

9 

Spinocerebellar  degeneration 

2 

Pontocerebellar  degeneration 

2 

Friedreich's  ataxia 

3 

Cerebellar  glioma  (vermis) 

1 

Large  cerebellar  metastasis 

1 

TOTAL 

19 

Extracerebellar  Patients 


Multiple  sclerosis 

2 

Parkinson’s  disease 

2 

Cortical  cerebral  atrophy 

2 

Parasagittal  meningioma 

1 

Frontoparietal  meningioma 

1 

Medial  cerebral  artery  thrombosis 

2 

Congenital  nystagmus 

1 

Vascular  malformation  (occipital  lobe) 

1 

TOTAL 

12 

absent.  All  the  patients  were  submitted  to  careful  and  repeated  neurological 
examinations,  including  pure  tone  audiometry,  caloric  tests,  electroencephalog¬ 
raphy  (EEG),  and  computerized  tomography  (CT).  CT  results  were  particularly 
important  in  detecting  and  documenting  the  location  and  the  size  of  the  lesions. 
Ten  normal  subjects,  with  no  signs  of  otological,  vestibular,  visual,  or  neurologi¬ 
cal  dysfunction,  were  tested  as  controls.  Their  age  ranged  between  18  and  43 
years.  These  subjects  were  submitted  to  a  more  complex  series  of  tests  for 
visual-vestibular  and  audio-vestibular  interaction,  the  results  of  which  are 
reported  elsewhere.22 

Subjects  were  seated  on  a  rotatory  chair  (Polman  Digital-1)  with  the  head 
secured  at  the  center  of  rotation  by  a  headrest.  Saccadic  eye  movements  were 


708 


Annals  New  York  Academy  of  Sciences 


t.  rvi.  86  y.  Normal  oub|ool 


’  ■  t'T 

acoustic  target 


visual  target 
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Figure  1.  EOG  records  from  a  normal  subject  during  sinusoidal  rotation  in  darkness 
with  mental  arithmetic  (frequency,  0.1  Hz;  peak-to-peak  amplitude,  240°)  and  during 
fixation  of  head-fixed  acoustic  and  visual  targets.  Lower  trace  refers  to  chair  velocity  (peak 
velocity,  75°/second). 
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elicited  by  refixation  between  visual  targets  placed  in  front  of  the  subject  at  10°, 
20°,  and  30°  from  the  primary  position,  in  the  horizontal  plane.  Spontaneous  and 
gaze  nystagmuses  were  tested  with  eyes  open  in  darkness.  Smooth-pursuit 
movements  were  elicited  by  pendular  oscillation  of  a  small  target,  moving  at  0.3 
Hz  and  40°  peak-to-peak  amplitude. 

Vestibulo-ocular  responses  were  assessed  during  sinusoidal  chair  rotations  at 
a  frequency  of  0.1  Hz  and  peak-to-peak  amplitude  of  240°  (peak  velocity, 
75°/second).  Three  different  testing  conditions  were  considered:  rotation  in 
darkness  with  eyes  open  and  performing  mental  arithmetic;  rotation  in  darkness 
while  fixating  an  acoustic  target  moving  with  the  head;  and  rotation  in  an 
otherwise  dark  room  while  fixating  a  visual  target  moving  with  the  head.  Each 
condition  was  tested  during  five  periods  of  sinusoidal  body  oscillation;  rotation  in 
darkness  was  repeated  after  rotation  both  with  acoustic  and  with  visual  targets. 
Targets  were,  respectively,  a  loudspeaker  fed  with  pulses  at  20  Hz  and  providing 
a  signal  level  of  60  dB  and  a  small  red-light-emitting  diode,  both  rigidly  attached 
to  the  chair  and  placed  80  cm  in  front  of  the  subject’s  head  at  eye  level. 

Eye  movements  in  the  horizontal  plane  were  recorded  by  d.c.  electro- 
oculography  (EOG);  calibration  was  performed  before  and  after  each  series  of 
tests.  The  amplified  EOG  signal  and  chair-position  or  chair-velocity  signal  were 
recorded  simultaneously  on  a  polygraph  and  on  a  magnetic  tape.  After  A/D 
conversion,  EOG  data  were  processed  on  a  digital  computer  by  using  a  special 
interactive  program. 23,2,1  The  amplitude,  duration,  and  mean  slow-phase  velocity 
of  each  nystagmus  beat  were  computed.  By  removing  the  fast  component  of 
nystagmus  and  fitting  together  the  slow  phases,  the  slow  cumulative  eye  position 
(SCEP)  was  reconstructed.  The  gain  of  a  response  was  defined  and  computed  as 
the  ratio  between  the  mean  amplitude  of  the  SCEP  over  several  cycles  and  the 
amplitude  of  the  corresponding  chair  rotation.  The  smooth-pursuit  gain  was 
computed  in  the  same  way,  after  removing  the  intermixed  saccades.  The 
rationale  of  the  adopted  amplitude  ratio,  in  comparison  with  the  more  frequently 
used  peak  slow-phase  velocity/peak  velocity  of  head  rotation  ratio,  has  been 
given  by  Schmid  et  al.22 


Results 

In  normal  subjects,  the  average  VOR  gain  with  mental  arithmetic  in  darkness 
was  0.58  ±  0.12  and  smooth-pursuit  gain  was  0.98  ±  0.06.  Visual  fixation 
suppression  always  was  complete,  while  fixation  of  an  acoustic  target  decreased 
the  VOR  gain  to  0.32  ±  0.09.  Fixation  of  a  proprioceptive  or  of  an  imaginary  target 
decreased  the  gain  to  0.27  ±  0.01  and  0.35  ±  0.1  respectively.22  Typical  examples 
of  a  normal  response  are  reported  in  Figures  1  and  2. 

Among  pathological  subjects,  the  more  homogeneous  group  was  represented 
by  patients  with  pure  cerebellar  signs,  suggestive  of  degenerative  lesions  of  the 
cerebellar  cortex.  Cerebellar  atrophy  generally  was  diffuse.  However,  in  subjects 
with  clinical  or  neuroradiological  signs  of  prominent  localization  to  single  parts 
of  the  cerebellum,  a  closer  localization  of  the  defects  was  omitted,  due  to  the 
small  number  of  cases  examined  and  to  the  lack  of  precision  of  the  diagnostic 
methods,  including  computerized  tomography. 

In  this  group,  vestibular  responses  in  darkness  were  normal  or  hyperactive 
(VOR  gain,  0.68  ±  0.15),  with  mild  interindividual  variability,  and  smooth-pursuit 
eye  movements  were  impaired,  with  large  differences  between  individuals  (SP 
gain,  0.52  ±  0.23)  Visual  fixation  suppression  of  vestibular  nystagmus  always  was 
impaired  severely  (gain,  0.58  ±  0.20)  and  acoustic  suppression  practically  was 
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Figure  2.  Diagrams  of  the  slow  cumulative  eye  position  (SCEP)  and  values  of  the  VOR 
gains  computed  from  the  records  in  Figure  1. 


absent  (gain  0.60  ±  0.18).  Statistically,  no  significant  difference  was  found  among 
the  gains  computed  in  the  three  different  testing  conditions  (p  >  0.05)  and  no 
correlation  could  be  established  between  the  degree  of  the  smooth-pursuit  defect 
and  the  failure  of  fixation  suppression. 


711 


Mira  et  al.:  Impaired  Suppression  of  Nystagmus  711 

In  the  second  group  of  patients,  typical  cerebellar  signs  were  associated 
variously  with  other  neurological  signs,  mainly  suggestive  of  a  brain-stem 
disorder.  Smooth-pursuit  defects  always  were  evident,  with  large  variation  from 
moderate  (SP  gain,  0.78)  to  severe  (SP  gain,  0.27).  In  contrast  to  pure  cerebellar 
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Figure  3.  Impaired  visual  and  acoustic  fixation  suppression  in  a  patient  with  pontocere- 
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patients,  vestibulo-ocular  responses  in  darkness  ranged  widely  from  hyperactive 
(VOR  gain,  0.63)  to  hypoactive  (VOR  gain,  0.28).  Despite  these  large  variations  in 
smooth-pursuit  disturbance  and  vestibular  excitability,  fixation  suppression 
always  was  reduced  markedly  for  both  visual  and  acoustic  targets.  This  pattern  is 
similar  to  that  found  in  pure  cerebellar  patients,  and  no  correlation  exists 
between  VOR  gain,  SP  defect,  and  fixation-suppression  failure. 

Figures  3  and  4  depict  the  electronystagmography  (ENG)  records  and  the 


L.B.  66  y.  ponto- cerebellar  atrophy 


gain  0.54 


SCEP  alert  In  dark 


gain  0.45 


SCEP  acoustic  target 


gain  0.39 


SCEP  visual  target 

Figure  4.  Diagrams  of  the  slow  cumulative  eye  position  and  values  of  the  VOR  gains 
computed  from  the  records  in  Figure  3.  SP  gain  was  0.75. 
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Figure  5.  EOG  records  of  saccadic  movements,  spontaneous  nystagmus  (eyes  open  in 
darkness),  and  smooth-pursuit  movements  in  a  patient  with  diffuse  cortical  cerebral 
atrophy.  SP  gain  was  0.34. 


computed  SCEP  data  of  a  patient  with  a  pontocerebellar  degeneration,  mainly 
affecting  the  cerebellar  cortex.  Pursuit  movements  have  slight  cogwheelings  {SP 
gain,  0.75),  and  vestibular  response  in  darkness  is  enhanced  slightly  (VOR  gain, 
0.54);  however  nystagmus  suppression  induced  by  a  visual  target  is  weak  (VOR 
gain  reduction  from  0.54  to  0.39)  and  that  induced  by  an  acoustic  target  is  minimal 
(VOR  gain  reduction  from  0.54  to  0.45). 

In  noncerebellar  patients,  both  the  nature  and  the  location  of  the  lesions  were 
extremely  heterogeneous  and  neurological  features  varied  greatly.  Large  varia¬ 
tions  were  found  in  the  intensity  of  smooth-pursuit  impairment  and  of  vestibular 
response  in  the  dark.  In  contrast  to  cerebellar  groups,  fixation  suppression  also 
ranged  widely  from  normal  to  absent.  No  correlation  was  found  with  the  degree 
of  vestibular  excitability,  while  a  clear  fixation-suppression  disturbance  consis¬ 
tently  was  associated  with  a  severe  SP  defect  (SP  gain  lower  than  0.30)  and 
correlated  with  its  severity.  Complete  failure  of  visual  fixation  suppression  was 
observed  only  in  the  presence  of  a  total  disorganization  of  smooth-pursuit 
movements  (SP  gain  not  measurable),  while  mild  SP  defects  usually  were 
associated  with  a  normal  ability  to  suppress  vestibular  nystagmus.  In  patients 
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Figure  6.  Impaired  visual  and  acoustic  fixation  suppression  in  the  patient  of  Figure  5. 
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with  unilateral  lesions,  impaired  fixation  suppression  always  was  evident  on  the 
side  ipsilateral  to  the  SP  defect.  Acoustic  targets  generally  were  less  effective 
than  visual  targets  in  inhibiting  vestibular  nystagmus,  but  their  behavior  did  not 
parallel  that  of  visual  targets  as  in  cerebellar  patients;  in  two  cases  (multiple 
sclerosis  and  occipital  lobe  vascular  malformation)  with  complete  loss  of  pursuit 
movements,  acoustic  suppression  was  greater  than  visual. 

Figures  5-7  refer  to  a  patient  with  diffuse  cortical  cerebral  atrophy,  showing  a 
severe  impairment  of  smooth-pursuit  movements  (SP  gain,  0.34),  diminished  but 
still  active  visual  fixation  suppression  (VOR  gain  reduction  from  0.46  to  0.30),  and 
absent  acoustic  fixation  suppression  (VOR  gain  variation  from  0.46  to  0.48). 

Figures  8-10  refer  to  a  patient  with  a  large  right  frontoparietal  meningioma. 
Also  in  this  case,  fixation  suppression  is  fairly  good  in  spite  of  the  severe 
disorganization  of  smooth-pursuit  movements.  SP  defect  mainly  to  the  right  (SP 
gain,  0.23  to  the  left  and  0.12  to  the  right)  fits  well  with  the  prominent  fixation 
suppression  deficit  to  the  right. 


Discussion 

Our  results  substantiate  previous  observations  that  failure  of  fixation  suppres¬ 
sion  is  prominent  in,  but  not  exclusive  to,  cerebellar  patients.4 10  In  subjects  with 
pure  or  associated  signs  of  cerebellar  dysfunction,  visual  fixation  suppression 
generally  is  absent  and  its  impairment  does  not  correlate  with  the  values  of  VOR 
gain  in  darkness  or  with  those  of  visual  smooth  pursuit.  Suppression  produced  by 
fixation  of  acoustic  targets  is  equal  to  or  slightly  weaker  than  that  produced  by 
visual  targets. 

In  CNS  patients  with  no  signs  of  cerebellar  dysfunction,  visual  fixation 
suppression  ranged  widely  from  normal  to  absent.  Only  subjects  with  severe 
smooth-pursuit  impairment  showed  an  evident  failure  of  the  suppression,  and  in 
this  case  a  correlation  was  found  with  the  degree  and  the  side  of  the  SP  defect. 
Acoustic  suppression  usually  was  lower  than  visual,  but  with  a  loose  quantitative 
relationship,  and  in  some  cases  acoustic  targets  were  more  effective  than  visual 
in  inhibiting  vestibular  nystagmus. 

According  to  the  model  proposed  by  Schmid  et  a l.,22  these  findings  support  the 
hypothesis  that  the  cerebellum  plays  a  specific  and  effective  role  in  the  modula¬ 
tion  of  the  vestibulo-ocular  reflex  and  that  an  impaired  fixation  suppression  is 
due  mainly  to  a  dysfunction  of  this  cerebellar  mechanism. 

Nystagmus  suppression  is  only  triggered  and  only  partially  supported  by  the 
SP  system,  which  can  receive  an  input  either  from  the  retina  or  from  the  central 
reconstructor  of  nonvisual-target  motion. 

In  the  presence  of  an  intact  cerebellar  mechanism,  an  impaired  fixation  can 
be  due  only  to  a  nearly  complete  dysfunction  of  the  smooth-pursuit  system.  The 
different  pattern  of  suppression  induced  by  visual  and  acoustic  targets  in 
noncerebellar  patients  could  depend  on  whether  the  lesion  affects  the  visual  or 
nonvisual  parts  of  the  SP  system. 

Our  conclusions  differ  slightly  from  those  of  Dichgans  et  ai.,16  and  suggest  that 
the  cerebellum  adds  a  direct  and  important  component  to  fixation  suppression  of 
the  VOR,  probably  by  way  of  its  inhibitory  connections  to  the  vestibular  nuclei. 

Some  collateral  observations  in  our  patients  are  worth  noting.  These  refer  to 
the  vestibulo-ocular  response  in  the  cerebellar  group  and  to  the  impairment  of 
optokinetic  nystagmus. 

Vestibular  hyperexcitability  in  cerebellar  patients  has  been  observed  by 
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several  authors. 18,25  28  In  our  group,  it  was  found  mainly  in  pure  cerebellar  cases; 
while  in  subjects  with  signs  of  concomitant  brain-stem  involvement,  VOR  gain 
largely  varies  from  hyperactive  to  hypoactive,  as  reported  by  Baloh  et  ai.15  In  both 
groups,  no  correlation  exists  between  the  magnitude  of  the  vestibulo-ocular 
response  in  darkness  and  the  failure  of  fixation  suppression. 


E.P.  3S  y««r  Right  frontal  msningioma 


aeoustio  forgot 


visual  forgot 

0.1  Hz  Hood  flood  forgot 

Figure  9.  Impaired  visual  and  acoustic  suppression  in  the  patient  of  Figure  8.  Fixation 
suppression  deficit  is  mainly  to  the  right. 
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E.P.  35  y.  right  frontal  meningioma 
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SCEP  visual  target 

Figure  10.  Diagrams  of  the  slow  cumulative  eye  position  and  values  of 
computed  from  the  records  in  Figure  9. 
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Optokinetic  nystagmus  induced  by  a  large-field  visual  stimulation  (stripe 
velocity,  60°/second)  was  recorded  in  some  of  our  patients;  all  the  examined 
cases,  both  in  the  cerebellar  and  noncerebellar  groups,  showed  an  OKN  reduc¬ 
tion  well  correlated  with  the  smooth-pursuit  impairment,  as  reported  by  several 
authors. According  to  Dichgans  et  al.  and  Sato  et  ai.,  in  unilateral  lesions,  a 
unidirectional  fixation-suppression  defect  corresponds  to  the  unidirectional 
impairment  of  SP  and  OKN.16,17  In  our  group  this  correlation  was  found  only  in 
noncerebellar  patients,  but  this  fact  could  be  due  to  the  bilateral  location  of  the 
lesions  in  the  majority  of  our  cerebellar  cases. 

For  clinical  examination,  we  cofirm  the  value  of  testing  visual-vestibular  and, 
more  generally,  sensory-vestibular  interaction  for  diagnosing  central  vestibular 
disorders.  With  the  exception  of  the  simpler  tests  of  suppression  of  caloric 
nystagmus  or  of  the  bedside  method  proposed  by  Dichgans  et  al.,te  if  one  has  gone 
to  the  trouble  of  measuring  accurately  head  and  eye  position  or  velocity  during 
rotation,  it  would  be  useful  to  consider  different  testing  conditions  in  order  to 
provide  a  great  deal  more  information  about  the  function  of  central  vestibular 
pathways.27  As  a  rule,  all  the  tests  showing  an  impaired  modulation  of  the 
vestibulo-ocular  reflex  are  indicative  of  a  cerebellar  dysfunction,  even  if  they 
give  positive  responses  also  in  the  presence  of  severe  disorders  of  other  parts  of 
the  CNS  that  largely  affect  the  SP  system. 


Summary 

Suppression  of  vestibular  nystagmus  induced  by  fixation  of  visual  and 
acoustic  targets  moving  with  the  head  during  sinusoidal  rotation  (0.1  Hz,  75°/ 
second  peak  velocity)  was  tested  in  cerebellar  and  noncerebellar  patients.  Visual 
suppression  was  impaired  greatly  in  cerebellar  patients,  without  correlation  with 
visual  smooth-pursuit  defects.  Acoustic  suppression  was  equal  to  or  slightly 
weaker  than  visual  suppression.  In  noncerebellar  patients,  a  disturbance  of 
visual  suppression  was  found  only  in  the  presence  of  a  severe  impairment  of 
pursuit  eye  movements.  Acoustic  suppression  did  not  parallel  the  visual-suppres¬ 
sion  pattern. 

In  clinical  vestibular  examination,  an  impaired  modulation  of  the  vestibulo- 
ocular  reflex  suggests  a  cerebellar  dysfunction,  but  also  can  occur  in  the  presence 
of  disorders  of  other  parts  of  the  CNS  severely  affecting  the  SP  system. 
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For  more  than  a  century,  persistent  efforts  have  been  made  to  develop  a  test 
of  vestibulospinal  function.  However,  these  efforts  largely  have  been  frustrated 
by  the  fact  that  the  vestibulospinal  system  is  imbedded  in  a  postural-control 
system  that  also  receives  inputs  from  visual,  proprioceptive,  and  perhaps  other 
sensory  modalities,  each  with  its  own  complex  dynamics,  "and  that  controls  a 
musculoskeletal  system  with  over  200  degrees  of  freedom.  In  the  face  of  such 
complexity,  the  chance  of  finding  a  set  of  response  variables  that  optimally 
characterizes  a  specific  dysfunction  is  remote  unless  a  systematic  analysis  is 
carried  out.  Control  engineers  have  developed  powerful  methods  for  analyzing 
complex  control  systems,  but  even  these  methods  are  overwhelmed  by  the 
complexity  of  human  postural  control.  Obviously  some  simplifications  are  neces¬ 
sary. 

The  simplest  physical  model  of  human  postural  sway  is  a  single-link  inverted 
pendulum,  capable  of  rotating  only  about  the  ankle  joints.  Using  such  a  physical 
model,  Nashner  developed  a  detailed  control  model  of  the  sensory  systems 
involved  in  postural  control.1  Gurfinkel  subsequently  described  the  dynamics  of 
a  one-link  inverted  pendulum  atop  a  triangle-shaped  foot.2  Unfortunately,  while 
the  single-link  inverted-pendulum  model  reduces  the  analysis  of  postural  control 
to  manageable  proportions,  it  does  not  describe  adequately  human  postural 
dynamics.  Virtually  every  investigator  who  has  been  able  to  measure  relative 
movement  between  the  various  body  segments  reports  that  significant  movement 
occurs  at  all  joints,  not  only  at  the  ankle.3  7 

Hemami  and  his  associates  have  studied  the  stability  of  two-link  and  three- 
link  models.5* 10  Recently  we  developed  a  four-link  model  by  adding  Hemami 
and  jaswa’s  three-link  model  to  Gurfinkel’s  triangular  foot.  The  method  of 
free-body  analysis  was  employed  to  yield  equations  in  a  form  better  suited  for 
digital  computation.11  Our  model  is  elaborated  fully  by  Koozekanani  et  al.'2  This 
paper  briefly  reviews  and  extends  the  model  and  describes  our  attempts  thus  far 
to  validate  it. 


The  Physical  Model 

The  model  describes  the  human  body  in  the  sagittal  plane  with  arms  folded 
across  the  chest.  It  assumes  that  the  body  segments  rotate  about  simple  pin  joints 
and  that  the  spine  is  rigid.  It  further  assumes  that  the  left  and  right  ankle  joints 
rotate  about  the  same  axis  and  that  the  feet  do  not  move. 

The  body  is  modeled  as  a  system  composed  of  five  homogeneous  rigid 


*This  work  was  supported  by  National  Institutes  of  Health  Grant  NS13903. 
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segments— a  triangular  foot  (linkf);  a  shank  (link,);  a  thigh  (link2);  a  torso, 
including  arms  folded  at  the  waist  (link3);  and  a  head  (link4) — as  shown  in  Figure 
1.  This  system  possesses  four  degrees  of  freedom:  0,  about  the  ankle  (X,Y,),  02 
about  the  knee  (X2Y2),  03  about  the  hip  (X3Y3),  and  6,  about  the  neck  (X4Y4).  Note 
that  a  distinction  is  made  between  0„  the  inertial  angle  of  a  link,  and  6],  the 
anatomical  angle  between  a  link  and  the  one  immediately  below  it. 

Figure  2a  shows  the  free-body  diagram  for  link,,  where  link,  can  be  any  body 
link  except  the  foot,  which  is  a  special  case  that  is  considered  separately  below. 


Figure  1.  Five-link  sagittal-plane  model  of  the  human  body. 


The  model  is  generalizable  to  any  number  of  links,  but  it  is  sufficient  for  our 
purpose  to  consider  only  four  links— shank,  thigh,  torso,  and  head. 

For  link,: 

[i-i  _ 

lk(0k  sin  6k  +  0k  cos  9k)  +  dj(0,  sin  0,  +  0/  cos  0,) 


(1) 
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Figure  2.  Free-body  diagram  of  the  body  links,  (a)  link,  free-body  diagram,  (b)  foot 
free-body  diagram. 


9r 


ik( —6k  cos  dk  +  8k  sin  dfe)l  +  df( — cos  0,  +  <9 /sin  0,) 

J 

-  FXm  +  m,*, 

Fy,  -  Fy,.,  +  m,g-  m,y, 

+  [Fx,d,  +  FXi„  (!,  -df)l  sin  8,  +  [Fy.d,  +  Fy(rt  (1,  -  d,)]  cos  0, 


(2) 

(3) 

(4) 

(5) 


The  variables  used  in  these  equations  are  defined  in  Figure  2a  and  the 
Appendix.  Note  that 

F  =  F  =0 

1  XN*1  r  YN  +  i 

Also  note  that 

T,-£rk  (6) 

k-i 


That  is,  the  torque  at  any  joint  is  the  sum  of  the  link  torques  that  occur  above  that 
joint.  The  ankle-joint  torque,  T„  is  the  sum  of  all  the  link  torques  of  the  body. 
Figure  2b  shows  the  free-body  diagram  for  Iinkf,  the  triangular  foot. 

For  link(: 


F  X|  =  FX)  (7) 

Fy,  -  Fyi  4-  m,g  (8) 

CP  -  (T,  +  m(gd(  +  Fxrh)/F yi  (9) 

The  variables  used  in  these  equations  are  defined  in  Figure  2b  and  the 
Appendix.  Note  that,  for  a  given  individual, 
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If,  further,  we  let  h  *  0,  then 

CP  ■  w'1  T,  +  w~‘  m(  g d,  +  0 

CP  -  oT,  +  c  (10) 

that  is,  for  a  given  individual,  the  body's  center  of  pressure  is  proportional  to 
ankle  torque  plus  a  constant. 


Method 

We  have  developed  a  method  for  estimating  0„  0f,  and  0,.  Pin  lights  are 
attached  to  a  human  subject  at  the  knee  (X2Y2),  hip  (X3Y3),  and  mastoid  (X,YJ  and 
atop  a  rigid  bar  about  30  cm  above  the  subject’s  forehead,  as  shown  in  Figure  3. 
Position  of  the  lights  is  monitored  at  1/30-second  intervals  by  a  pair  of  ordinary 
video  cameras  connected  by  a  special  interface  to  a  DEC  11/34  computer. 
Camera  1  detects  the  forehead  and  mastoid  lights,  and  camera  2  detects  the  hip 
and  knee  lights.  The  position  of  the  ankle  (X,Y,)  is  not  monitored;  its  position  is 
measured  at  the  beginning  of  the  observation  period  and  entered  into  the 
computer  as  a  constant.  This  monitoring  system  is  an  improved  version  of  one 
developed  by  Cheng.13 

Following  data  collection,  values  of  0(  and  6\  are  computed.  0,  values  then  are 
smoothed  by  a  digital  filtering  method.  Numerical  differentiation  of  the 
smoothed  0,  data  yields  the  values  for  0/  and  ^needed  to  evaluate  the  equations. 

The  other  variables  in  the  equations— Ij,  nij,  dh  J„  df.  and  h— are  estimated  on 
the  basis  of  standardized  coefficients  derived  from  cadaver  studies  and  anthro¬ 
pometric  measurements.14 


Figure  3.  Schematic  diagram  of  the  video-computer  system. 


726 


Annals  New  York  Academy  of  Sciences 

Results 


Using  our  video-computer  monitoring  system,  we  attempted  to  determine 
whether  a  four-degrees-of-freedom  model  really  was  necessary  or  whether 
perhaps  a  simpler  model  would  be  adequate  to  describe  human  postural  sway. 
The  answer  to  this  question  is  given  by  Figure  4,  which  shows  the  amplitude 
spectra  of  the  measured  joint  angles  of  10  normal  subjects  during  three  minutes 
of  quiet  standing.  Note  that  O',  (anatomical  angles),  and  not  8,  (inertial  angles),  are 
shown.  If  a  single-link  model  were  adequate,  significant  movement  would  be 
present  in  only  one  joint,  the  ankle  joint,  O',.  A  two-link  model  would  imply 
movement  in  only  two  joints,  probably  the  ankle.  O',,  and  the  hip.  O',.  Instead, 


Figure  4.  Fourier  coefficients  of  0J  for  10  subjects  standing  quietly  for  three  minutes  with 
eyes  open,  ff,  is  defined  in  FlCURE  1. 


significant  movement  is  seen  in  all  body  joints  measured,  indicating  that  a  model 
with  at  least  four  degrees  of  freedom  is  required  to  describe  adequately  human 
body  sway. 

An  example  of  the  complexity  of  body-joint  movements  is  shown  in  Figure  5. 
Two  major  shifts  in  CP  are  seen,  one  backward  (arrow  1)  and  the  other  forward 
(arrow  2).  The  backward  shift  is  accompanied  by  an  increase  in  0',  and  and  a 
decrease  in  (f3 .  The  same  pattern  is  seen  in  the  lesser  postural  shifts.  Some 
motions  appear  to  be  anticompensatory  (arrows  3  and  4);  they  throw  CP  off  the 
apparent  control  point  and  are  followed  quickly  by  a  movement  in  the  opposite 
direction  that  returns  CP  approximately  to  its  previous  position.  Other  motions 
appear  to  be  irrelevant  to  postural  control  (arrows  5  and  6),  since  they  produce 
virtually  no  change  in  CP. 
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Figure  5.  Graphic  plot  of  %  and  CP  during  quiet  standing  with  eyes  open.  V,  and  CP  are 
defined  in  Figures  1  and  2.  Arrows  indicate  features  of  the  record  that  are  described  in  the 
text. 
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An  example  of  the  relation  between  r*  and  CP  is  shown  in  Figure  6.  Recall 
from  Equations  6  and  10  that 

N 

L  Tk  -  T,  -  (CP  -  c)/o 

k-l 

(r4  is  not  shown  in  Figure  6,  but  its  contribution  to  CP  is  small.)  Most  of  the 
change  in  CP  is  associated  with  changes  in  t,  and  t2.  t3  is  virtually  constant, 
which  indicates  that  the  torso  must  be  rotating  opposite  to  the  direction  of  thigh 
and  shank  rotation,  that  is,  that  the  motion  of  the  torso  is  decoupled  with  respect 
to  leg  motion.  This  appears  to  be  a  characteristic  mode  of  human  postural  control. 
It  is  apparent  in  the  example  shown  in  Figure  5,  and  has  been  noted  by  others.4'® 
We  also  have  attempted  to  determine  whether  the  model  is  sufficient,  that  is, 
whether  it  is  adequate  to  describe  human  body  sway  or  whether  an  even  more 
complex  model  is  required.  While  we  are  not  able  to  obtain  independent 
measures  of  joint  torques  with  which  to  compare  the  model’s  predictions,  we 
have  made  comparisons  between  measured  and  predicted  CP  by  having  several 
subjects  stand  on  a  force  plate  while  joint  position  was  being  monitored.  These 
experiments  showed  that  measured  CP  was  matched  closely  by  CP  predicted  by 
the  model.12  Further  validation  of  the  model  is  under  way,  including  an  examina¬ 
tion  of  the  effects  of  errors  in  estimating  body-link  parameters.  Results  thus  far 
indicate  that  95%  of  the  time,  CP  predicted  by  the  model  is  within  ±0.3  cm  of  CP 
measured  by  a  force  plate. 


Discussion 

Our  results  thus  far  indicate  that  a  four-degrees-of-freedom  physical  model  of 
human  postural  sway  is  necessary  and  probably  sufficient.  The  model  is 
complex,  but  the  governing  equations  are  written  in  a  form  that  makes  evaluation 
feasible  with  a  digital  computer. 

There  are  several  advantages  to  an  explicit  and  well-developed  model  of 
postural  sway.  First,  the  model  dictates  the  method  of  response  measurement. 
Most  studies  of  postural  control  have  utilized  methods — such  as  force  plate, 
displacement  transducer,  or  video  camera— that  measure  one  variable  and  thus 
have  employed  a  one-degree-of-freedom  model,  even  though  the  choice  of 
physical  model  was  not  always  explicit.1,1517  Relatively  few  studies  have  been 
based  on  multilink  models.3"®  Our  results  suggest  that  a  reasonably  adequate 
description  of  postural  sway  must  be  based  on  no  less  than  four  variables. 
Second,  the  model  specifies  the  relationship  between  the  state  variables,  and  i)j, 
and  t,  and  thus  simplifies  the  task  of  testing  hypotheses  about  the  form  of  the 
feedback  laws  that  govern  postural  control.  The  model  offers  no  clues  as  to  what 
forms  these  feedback  laws  might  take,  but  since  they  can  be  written  in  terms  of  0,, 
0„  and  tj,  the  possibility  arises  that  linear  approximations  will  be  adequate,  which 
is  a  decided  advantage  since  linear  hypotheses  are  easier  to  evaluate. 
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Appendix 


Notation  Used  in  Equations 


Subscript  f 

refers  to  foot  link 

Subscript  i,  k 

refers  to  any  body  link,  excluding  foot 

N 

total  number  of  body  links,  excluding  foot 

Z 

horizontal  acceleration 

y 

vertical  acceleration 

8 

angular  position 

e 

angular  velocity 

9 

angular  acceleration 

m 

mass 

i 

moment  of  inertia 

F, 

horizontal  reaction  force 

(continued) 
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Appendix  (continued) 


Fy 

T 

T 

8 

CP 

w 

X 

Y 

d, 


d, 


hj 
a,  c 


vertical  reaction  force 
joint  torque 
link  torque 

gravitational  acceleration 

position  of  center  of  pressure  re  ankle  joint 

total  weight 

measured  horizontal  joint  position 
measured  vertical  joint  position 

distance  of  center  of  mass  from  lower  joint  (see  Figure 
2a) 

distance  of  center  of  mass  from  vertical  projection  of 
ankle  joint  (see  Figure  2b) 
length  of  link  (see  Figure  2) 
constants 
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Eye  movements  have  been  investigated  since  the  end  of  the  nineteenth 
century  in  the  fields  of  physiology  and  experimental  psychology.  Dodge  classi¬ 
fied  eye  movements  into  five  types:  saccadic,  slow  continuous,  coordinate 
compensatory,  reactive  compensatory,  and  convergence  or  divergence.1  Saccadic 
eye  movements,  in  which  the  point  of  fixation  moves  from  one  object  to  another 
in  the  visual  field  with  a  quick  jump,  doubtless  are  the  most  common  of  the  five 
fundamental  types  of  eye  movements,  as  Dodge  pointed  out.  They  can  be  seen  in 
routine  behavior,  such  as  reading  or  looking  around.  On  the  other  hand,  the 
characterisMcs  of  saccades  seem  to  be  similar  to  those  of  quick  phases  of 
optokinetic  or  caloric  nystagmus.  Because  of  this  similarity,  the  characteristics  of 
saccadic  eye  movements  have  attracted  the  interest  of  various  researchers.  Thus 
the  latency,  duration,  velocity,  and  amplitude  of  saccadic  eye  movements  have 
been  studied  by  several  investigators.1'10  They  have  reported  that  the  latency  was 
distributed  between  120  and  300  mseconds  but  was  relatively  fixed  in  each 
investigation.  The  duration  of  saccadic  eye  movement  ranged  from  40  to  250 
mseconds  and  was  closely  related  to  the  amplitude  of  the  saccade.  The  velocity 
also  was  relatively  constant  for  a  given  amplitude  and  was  not  much  influenced 
by  practice.  In  most  of  these  reports,  a  saccade  was  treated  as  a  synchronized 
movement  of  both  eyes  and  was  regarded  generally  as  a  conjugate  movement.1011 
However,  some  authors  described  the  duration  or  latency  as  differing  according 
to  the  direction  of  movement.24611  Other  papers  mentioned  the  discon jugation  of 
both  eyes  in  saccadic  eye  movement.  White  reported  that  in  many  cases,  the  time 
of  initiation  and  maximum  velocity  of  saccades  varied  slightly  from  one  eye  to 
the  other.4  Typically,  the  left  eye  began  its  motion  a  short  time  before  the  right  eye 
when  the  stimulus  was  to  the  left,  and  vice  versa.  Robinson  revealed  that  nasal 
saccades  had,  on  the  average,  durations  about  5  mseconds  longer  than  those  of 
temporal  saccades.6  White  also  reported  a  difference  in  duration  of  saccade 
between  both  eyes  according  to  direction  of  movement.  Hyde  stated  that  the 
velocity  of  the  eye  was  greater  when  returning  from  lateral  to  center  than  when 
traveling  to  the  periphery." 

Because  of  the  anatomical  and  physiological  differences  between  abduction 
and  adduction  in  the  oculomotor  system,  it  is  quite  possible  that  the  eyes  move 
discon jugately  during  horizontal  saccades.  Simultaneous  monocular  d.c.  record¬ 
ings  of  both  eyes  are  necessary  to  determine  whether  this  dissociation  of  eye 
movements  really  exists  or  not.  In  order  to  compare  the  movements  of  both  eyes, 
rather  fine  analyzing  methods  must  be  used.  The  pen-writing  system  is  not 
adequate  for  this  purpose,  because  the  time  between  initiation  and  cessation  of 
saccade  may  be  as  short  as  a  few  milliseconds.  Therefore,  a  signal  processor  was 
used  for  fine  analysis  in  this  investigation. 
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Materials  and  Method 
Subjects 

The  test  subjects  were  10  healthy  adults,  27  to  53  years  old.  All  of  them  had 
sufficiently  good  vision  to  see  the  target  and  were  free  from  oculomotor  impair¬ 
ments. 


Apparatus 

The  apparatus  consisted  of  a  target-presenting  system  for  saccadic  eye 
movement,  a  projection-type  optokinetic  stimulator,  a  six-channel  d.c.  electro- 


SIGNAL  PROCESSOR 


Figure  1.  Block  diagram  of  the  experimental  apparatus. 


nystagmograph  (ENG),  a  four-channel  cassette-type  FM  data  recorder,  and  a 
two-channel  signal  processor,  or  "memory-scope”  (Figure  1).  The  target- 
presenting  system  had  five  red-light-emitting  diodes  (LED),  each  2  mm  in 
diameter.  They  were  mounted  on  a  half-cylindrical  screen  100  cm  in  radius. 
They  were  arranged  in  a  horizontal  arc  with  a  uniform  visual  angle  of  10°  to 
either  side  from  the  center.  These  LEDs  were  lighted  randomly  one  after  another 
by  a  push-button  system.  The  target  positions  emerged  from  this  stimulator  as 
electrical  potentials.  In  most  cases,  optokinetic  nystagmus  also  was  investigated. 
The  optokinetic  stimulator  consisted  of  a  projector  and  the  same  half-cylindrical 
screen  used  with  the  saccade  stimulator.  The  projector  was  focused  on  the  center 
of  the  screen  and  projected  12  stripes  onto  it.  The  projected  stripes  moved  with 
various  velocities  and  accelerations.  The  screen — along  with  both  stimulators. 
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saccadic  and  optokinetic — could  be  turned  to  any  angle  and  could  be  moved  so 
that  its  arc  was  vertical  in  front  of  the  subject.  The  subject  sat  in  a  chair  facing  the 
center  of  the  arc  with  his  chin  fixed  on  a  chin  rest  and  was  asked  to  move  his 
head  as  little  as  possible.  He  also  was  asked  to  fixate  each  of  the  lighted  LEDs  one 
after  the  other  or  to  follow  the  passing  stripes  successively. 


Recording  Eye  Movement 

The  monocular  electro- oculograms  (EOG)  of  the  movements  of  each  eye  were 
recorded  with  a  pen-writing  d.c.  ENG.  Eight  paste-type  Zn-ZnS04  electrodes— 
which  had  been  devised  and  patented  by  the  author12— were  attached  on  both 
outer  canthi,  midway  between  both  eyebrows,  near  the  upper  and  lower  margins 
of  both  orbits,  and  on  the  forehead  as  a  reference  point.  The  ENG  had  six 
channels  for  monocular  recording  of  the  right  eye  and  the  left  eye,  for  binocular 
recording,  for  target  position,  and  for  two  other  reference  phenomena.  The  first 
four  phenomena  were  recorded  simultaneously  in  a  cassette-type  data  recorder, 
which  was  connected  with  the  ENG.  The  paper  speed  for  recording  was  60 
mm/second.  Consequently,  the  resolving  power  in  the  time  dimension  was  about 
2  mseconds. 


Data  Analysis 

The  resolving  power  was  adequate  to  describe  such  characteristics  of 
saccadic  eye  movement  as  latency,  duration,  velocity,  and  trace  of  the  eyes 
(Figure  2).  However,  the  time  differences  between  initiation  of  movement  of  the 
eyes  in  saccades  scarcely  could  be  recognized  on  the  EOG.  For  the  purpose  of 


Figure  3.  The  relationship  of  the  eyes  in  saccade  to  the  right.  Upper  curve  is  movement 
of  the  right  eye,  and  lower  curve  is  movement  of  the  left  eye. 
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Figure  4.  The  superimposition  of  the  curves  in  Figure  3. 
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detailed  investigation,  the  raw  data  on  tape  were  displayed  on  the  cathode  ray 
tube  (CRT)  of  the  processor.  The  potential  jump  of  eye  position  was  used  as  a 
trigger  for  processing  the  phenomena.  By  means  of  suitable  delay  and  sweep 
times,  the  desired  portion  of  the  curve  of  saccade  could  be  expanded  along  the 


Figure  5.  The  relationship  of  the  eyes  in  the  quick  phase  of  horizontal  optokinetic 
nystagmus  to  the  right.  The  upper  curve  is  optokinetic  nystagmus  of  the  right  eye,  and  the 
lower  curve  is  that  of  the  left  eye. 
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time  direction  and  be  brought  onto  the  CRT.  The  delay  time  was  chosen  so  as  to 
bring  the  beginning  and  end  of  a  saccade  onto  the  CRT.  The  curves  displayed  on 
the  CRT  were  photographed.  Monocular  recordings  of  the  saccade  of  each  eye 
were  computed,  displayed,  and  inspected  for  the  relationship  between  the 
movements  of  each  eye  (Figure  3).  By  means  of  vertical-position  regulators,  both 
curves  were  shifted  and  overlapped  on  the  CRT  (Figure  4);  thus  the  relationship 
between  the  curves  could  be  seen  more  clearly.  The  quick  phases  of  optokinetic 
nystagmus  were  analyzed  by  the  same  procedure  as  were  saccadic  eye  move¬ 
ments.  A  photodiode  was  set  just  in  front  of  the  projector  so  as  to  catch  a  light 
stripe;  it  emitted  an  electrical  spike  as  a  trigger  that  indicated  the  moment  when 
that  stripe  passed  through  the  center  of  the  visual  field.  Two  monocular  record¬ 
ings  of  quick  phases  were  displayed  on  the  CRT  in  the  same  manner  as  saccade 
(Figures  5  and  6).  Thus  the  latency,  duration,  and  velocity  of  saccades  and  quick 


Figure  6.  The  superimposition  of  the  two  curves  in  Figure  5. 


phases  of  optokinetic  nystagmus  were  computed.  In  this  report,  however,  we 
mainly  consider  the  relationship  between  both  eyes  during  horizontal  or  vertical 
saccades  and  quick  phases  of  optokinetic  nystagmus. 


Results 

Figures  3  and  4  illustrate  the  typical  relationship  between  both  eyes  during  a 
saccadic  eye  movement  to  the  right.  The  upper  curve  of  Figure  3  is  a  saccade  of 
the  right  eye  to  the  right,  i.e.,  abduction  of  the  right  eye,  and  the  lower  curve  is  a 
saccade  of  the  left  eye  to  the  right,  i.e.,  adduction  of  the  left  eye.  Figure  4  shows 
the  superimposition  of  the  same  two  curves.  Figures  7  and  8  show  leftward 
saccades  of  both  eyes.  The  upper  curve  of  Figure  7  is  a  saccade  of  the  right  eye  to 
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Figure  7.  The  relationship  of  the  eyes  in  saccade  to  the  left.  Curves  as  in  Figure  3. 


the  left,  i.e.,  adduction,  and  the  lower  curve  is  the  left  eye  to  the  left,  i.e., 
abduction.  Figure  8  is  the  superimposition  of  these  two  curves.  Most  saccades  to 
either  direction  show  the  same  relationship  between  the  eyes.  The  abducting  eye 
starts  a  few  milliseconds  earlier  than  the  adducting  eye.  The  adducting  eye, 
however,  moves  faster  than  the  abducting  eye  and  reaches  the  target  a  few 


Figure  8.  The  superimposition  of  the  two  curves  in  Figure  7. 
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milliseconds  earlier  (Figures  3,  4,  7,  and  8).  The  adducting  eye  has  a  tendency  to 
overshoot  the  new  target  at  the  end  of  saccade.  The  abducting  eye  has,  in 
contrast,  a  tendency  to  creep  up  on  the  new  target.  As  a  consequence,  both  eyes 
converge  at  the  turning  point  of  the  saccade  and  then  diverge  to  fixate  the  new 
target.  These  characteristics  can  be  seen  in  most  horizontal  saccadic  eye  move¬ 
ments.  Figure  9  illustrates  this  and  shows  the  distributions  of  time  differences  at 
the  beginning  and  end  of  the  saccade.  The  time  delay  of  adduction  to  abduction 
at  the  beginning  of  saccade  shows  a  normal  distribution,  ranging  from  -4 
mseconds  to  30  mseconds.  The  mode  is  6  mseconds,  the  mean  is  7.4  mseconds, 
and  the  standard  deviation  is  5.0  mseconds.  The  time  precedence  of  adduction  at 
the  turning  point  is  distributed  from  —20  mseconds  to  40  mseconds.  The  mode  is 
10  mseconds,  the  mean  is  7.6  mseconds,  and  the  standard  deviation  is  8.6 
mseconds.  These  facts  indicate  that  during  horizontal  saccades,  both  eyes  jump  to 
the  new  target  not  only  asynchronously  but  also  disconjugately,  with  a  compli¬ 
cated  disparity.  These  characteristics  and  relationships  can  be  seen  even  when 


Figure  9.  The  schema  of  the  relationship  between  movements  of  both  eyes  and 
distribution  of  time  differences  in  horizontal  saccade.  A:  Time  difference  at  beginning  of 
saccade.  B:  Time  difference  at  turning  point.  D:  Duration  of  saccade. 


one  eye  is  covered  and  the  other  moves  consensually.  In  vertical  saccades,  on  the 
other  hand,  the  beginning  and  end  of  movement  of  both  eyes  are  fairly  synchro¬ 
nous.  The  velocities  of  both  eyes  in  vertical  saccades  are  identical.  There  is  a 
tendency  to  overshoot  the  target  in  upward  saccades.  In  downward  saccades,  in 
contrast,  the  eyes  tend  to  reach  the  new  target  gradually.  These  tendencies  are 
seen  in  both  eye  movements  equally  and  are  conjugate  (Figures  10  and  11). 
Accordingly,  there  is  no  difference  between  two  monocular  recordings  and  a 
binocular  recording.  This  synchrony  of  conjugate  movement  in  vertical  saccades 
is  in  contrast  to  the  asynchrony  and  disconjugate  movements  of  the  eyes  in 
horizontal  saccades. 

A  similar  tendency  can  be  seen  in  optokinetic,  nystagmus.  During  quick 
phases  of  optokinetic  nystagmus  toward  the  right,  the  abducting  right  eye  starts  to 
move  a  few  milliseconds  earlier  than  the  adducting  left  eye.  The  shift  from  quick 
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Figure  lO.  The  movement  of  both  eyes  in  upward  saccade.  The  upper  curve  is  right-eye 
movement,  and  the  lower  curve  is  left-eye  movement.  There  is  no  disparity  between  the 
two  movements.  There  is  a  tendency  to  overshoot. 


Ficure  11.  The  movement  of  both  eyes  in  downward  saccade.  Both  eyes  conjugate  well 
and  have  a  tendency  to  creep. 
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phases  to  slow  phases  is  gradual  in  the  abducting  eye.  In  contrast  the  shift  is  more 
sudden  in  the  adducting  eye  (Figure  5).  Figure  6  shows  the  superimposition  of 
the  curves  from  Figure  5;  the  time  difference  at  the  beginning  of  quick  phases 
and  the  shape  of  the  curve  at  the  turn  from  quick  to  slow  phases  can  be  seen 
clearly.  The  quick-phase  velocity  of  the  adducting  left  eye  is  greater  than  that  of 
the  adducting  right  eye. 

These  facts  correspond  to  the  overshoot  and  undershoot  in  horizontal 
saccadic  eye  movements.  In  quick  phases  of  optokinetic  nystagmus  toward  the 
left,  the  time  differences  at  the  beginning,  the  velocities,  and  the  curves  of  the 
turning  of  the  eyes  are  the  reverse  of  those  toward  the  right. 
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Figure  12.  The  distribution  of  duration  in  monocular  and  binocular  recordings  of 
horizontal  saccade.  The  duration  in  the  binocular  recording  is  remarkably  shorter  than  that 
in  the  monocular  recordings. 


The  latency  and  duration  of  saccade  in  monocular  recordings  of  each  eye  and 
in  a  binocular  recording  were  measured  on  the  EOG.  The  durations  of  horizontal 
saccades  in  both  monocular  and  binocular  recordings  can  be  seen  in  Figure  12. 
Their  amplitude  is  10°  of  arc,  and  they  seem  to  distribute  normally.  The  mean 
duration  is  174.2  mseconds  in  the  recording  of  the  abducting  eye,  153.3  mseconds 
in  the  recording  of  the  adducting  eye,  and  105.8  mseconds  in  the  binocular 
recording;  the  standard  deviations  are  61.8  mseconds,  68.8  mseconds,  and  36.2 
mseconds  respectively.  The  duration  of  horizontal  saccades  in  the  binocular 
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recording  is  remarkably  shorter  than  that  of  both  monocular  recordings.  This 
time  difference  seems  to  correspond  to  the  period  from  the  turning  point  to  the 
concurrence  of  the  two  monocular  curves.  This  fact  suggests  that  the  speed  of 
both  eyes  in  approaching  from  both  sides  after  the  turning  point  must  be 
approximately  the  same. 


Discussion 

The  latency,  duration,  and  velocity  of  saccadic  eye  movement  have  been 
studied  by  various  researchers.  Most  of  them  have  treated  the  saccade  as  a 
conjugate  movement.  Therefore,  binocular  recordings  or  monocular  recordings 
of  only  one  eye  were  used.  The  results  were  not  always  consistent.  However, 
these  researchers  used  different  methods  of  investigation.  Dodge  and  West- 
heimer  used  an  optical  method.'3  Robinson  used  a  search  coil  mounted  on  a 
contact  lens.6  Hyde  employed  high-speed  photography."  Brockhurst,  White, 
Saslow,  Becker,  and  Baloh  utilized  electrical  methods.2  4  7  9  Some  of  these  investi¬ 
gators  reported  that  duration,  velocity,  and  latency  differed  with  the  direction  of 
saccades:  temporal  and  nasal,  right  and  left,  or  lateral  and  central.4,6,11  The 
methods  of  registration  with  which  they  found  these  differences  were  monocu¬ 
lar.  All  except  Robinson  concluded  that  the  velocity  of  eye  movements  to  the 
center  was  higher  than  of  lateral  eye  movements.  Robinson  stated  that  in  most 
subjects,  temporal  saccades  had  a  higher  velocity  than  did  nasal  saccades.6  Most 
of  these  researchers  used  monocular  observation  of  only  one  eye  and  therefore 
did  not  mention  the  relationship  between  the  eyes.  White  and  Westheimer  used 
monocular  registration  of  both  eyes  simultaneously.34  Westheimer,  however,  had 
no  interest  in  the  correlation  between  both  eyes.3  White  reported  that  in  the 
initiation  of  saccades,  the  left  eye  began  its  motion  a  short  time  before  the  right 
eye  when  the  stimulus  was  to  the  left  and  vice  versa.4  These  facts  can  be 
expressed  in  another  way:  the  abducting  eye  begins  to  move  shortly  before  the 
adducting  eye  in  horizontal  saccades.  It  is  a  well-known  fact  that  adduction  and 
abduction  of  the  eye  are  controlled  by  different  nerves — the  oculomotor  and 
abducens  nerves.  In  horizontal  eye  movement,  the  abducens  nucleus  is  fired 
first,  and  then  the  oculomotor  nerve  is  stimulated  by  impulses  from  the  abducens 
nucleus  through  the  medial  longitudinal  fasciculus  (MLF).13  Based  on  the  similar¬ 
ity  of  the  time  order  in  the  firing  of  nuclei  and  in  the  action  of  external  eye 
muscles  as  reported  in  this  study,  we  propose  the  following  hypothesis.  The  main 
cause  of  the  time  difference  between  the  eyes  in  horizontal  saccade  must  be  the 
difference  in  the  neural  mechanism  of  abduction  and  adduction  of  the  eye.  In 
horizontal  optokinetic  nystagmus,  where  the  same  neural  pathway  is  utilized,  the 
relationship  between  both  eyes  in  quick  phase  is  very  similar  to  that  of  horizontal 
saccade,  as  demonstrated  in  the  present  study.  This  fact  also  supports  our 
hypothesis.  Caloric  nystagmus  was  analyzed  in  the  same  way  in  a  few  cases,  and 
similar  results  were  observed.  Caloric  nystagmus  also  is  induced  through  this 
common  neural  path. 

This  neural  system  does  not  participate  in  vertical  eye  movement.  This 
coincides  well  with  the  fact  that  disconjugate  movements  of  both  eyes  have  not 
been  seen  in  vertical  saccades.  Hyde  reported  that  at  the  end  of  abduction,  the 
eye  creeps  onto  the  new  target.11  This  evidence  is  the  same  as  our  results  in  the 
present  study.  On  the  other  hand,  Hyde  stated  that  adduction  ceased  abruptly. 
This  result  also  resembles  ours  in  that  the  adducting  eye  has  a  tendency  to 
overshoot  the  new  target.  As  to  eye  velocity  in  saccades,  the  most  consistent  result 
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is  that  the  nasal,  or  left-eye-to-right,  saccade  is  faster  than  the  temporal,  or 
left-eye-to-left,  saccade.  This  result  can  be  expressed  in  other  terms:  the  eye 
velocity  of  adduction  is  faster  than  that  of  abduction.  These  facts  suggest  the 
following  hypothesis:  horizontal  saccades  are  initiated  by  the  abducens  system, 
and  adduction  is  a  reflexive  movement  triggered  by  abduction.  In  saccadic  eye 
movements,  the  gaze  angle  jumps  from  the  point  of  regard  to  a  new  target  that 
has  imaged  on  the  peripheral  retina.  This  eye  movement  is  thought  to  be 
predictive  and  is  controlled  by  a  feed-forward  system  through  the  cerebellum. 
The  visual  angle  between  the  fixation  point  and  the  new  target  is  calculated  from 
the  position  of  the  target’s  image  on  the  peripheral  retina.  The  amplitude  of 
movement  is  preset  according  to  the  results  of  calculation  before  the  saccade  and 
jumps  to  the  approximate  position  of  the  new  target.  In  this  jump,  visual 
perception  is  suppressed  by  the  efferent  copy  of  the  eye  movement.  The  period 
from  initiation  to  turning  point  in  saccades  may  correspond  to  this  period  of 
suppression.  After  the  turning  point,  however,  as  the  velocity  decreases,  percep¬ 
tion  possibly  recovers.  Then  the  error  in  the  angle  can  be  detected  by  an  image 
position  on  the  retina  that  is  perceived  by  the  recovered  visual  acuity  and  is 
corrected  with  creeping  of  both  eyes  from  both  sides  by  vergence  or  with  small 
saccades,  namely,  corrective  saccades. 

The  characteristics  of  horizontal  saccades  induced  by  monocular  stimulation 
were  not  different  from  those  of  horizontal  saccades  induced  by  binocular 
stimulation.  This  fact  suggests  that  in  the  case  of  monocular  vision,  horizontal 
saccades  also  may  be  initiated  by  the  abducens  system.  Contraction  of  the  lateral 
rectus  of  the  covered  eye  and  relaxation  of  the  lateral  rectus  of  the  uncovered  eye 
are  programmed  and  executed  in  accordance  with  the  image  position  on  the 
retina  of  the  uncovered  eye.  Then  the  nuclei  of  the  medial  rectus  of  both  eyes  are 
stimulated  by  impulses  from  both  abducens,  and  the  muscles  relax  or  contract 
respectively.  Surely  the  error  of  the  new  point  of  regard  is  detected  by  the 
uncovered  eye.  However,  the  correction,  again,  may  be  initiated  by  the  abducens 
system. 

The  quick  phase  of  horizontal  optokinetic  nystagmus  must  be  controlled  by 
the  same  mechanism  because  the  characteristics  of  quick  phase  bear  a  striking 
resemblance  to  those  of  saccadic  eye  movement. 

Vertical  eye  movement  is  controlled  by  a  quite  different  system,  mainly  by  the 
oculomotor  nerve.  The  oculomotor  nuclei  are  fired  directly  by  impulses  from  the 
higher  central  nervous  system.  These  impulses  are  supposed  to  be  given 
bilaterally.  Therefore,  vertical  saccades  of  both  eyes  start  synchronously  and 
jump  to  the  new  target  conjugately  with  the  same  velocity  of  excursion.  In 
consequence,  a  remarkable  contrast  between  vertical  and  horizontal  saccade  can 
be  seen. 


Summary 

In  horizontal  saccades,  abduction  and  adduction  are  not  conjugate.  Abduc¬ 
tion  starts  shortly  before  adduction  and  reaches  the  turning  point  shortly  after 
adduction.  The  duration  in  binocular  recording  is  much  shorter  than  in  monocu¬ 
lar  recordings.  The  abducting  eye  has  a  tendency  to  move  gradually  on  the  new 
target.  The  adducting  eye  has,  on  the  contrary,  a  tendency  to  overshoot.  The 
characteristics  of  quick  phases  of  horizontal  optokinetic  nystagmus,  in  which 
both  eyes  jump  discon jugately  to  the  new  target,  are  similar  to  those  of  horizontal 
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saccades.  The  main  cause  of  this  disparity  may  be  a  difference  in  neural 
mechanisms  between  abduction  and  adduction.  Vertical  saccades  are  not  diseon- 
jugate. 
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DIFFERENT  EFFECTS  INVOLVED  IN  THE 
INTERACTION  OF  SACCADES  AND  THE 
VESTIBULO-OCULAR  REFLEX* 
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Introduction 

The  vestibulo-ocular  reflex  (VOR)  stabilizes  the  direction  of  gaze  in  space, 
whereas  a  quick  eye  movement  rapidly  shifts  it  into  a  new  position.  Both  types  of 
eye  movements  interact  in  many  natural  situations.  In  darkness,  for  example,  the 
slow  phases  (i.e.,  the  VOR)  of  vestibular  nystagmus  (VN)  frequently  are  inter¬ 
rupted  by  involuntary  quick  eye  movements,  the  quick  phases,  which  always 
counteract  the  slow  phases.  Voluntary  saccades,  on  the  other  hand,  may  interact 
with  the  VOR  in  any  direction. 

Both  voluntary  saccades  and  quick  phases  of  nystagmus  seem  to  stem  from 
the  same  neuronal  circuitry.1  It  therefore  might  be  expected  that  their  interaction 
with  the  VOR  also  would  be  the  same.  In  a  previous  study  we  have,  by  contrast, 
demonstrated  that  the  interaction  between  goal-directed  saccades  and  the  VOR 
is  different  from  the  interaction  between  quick  phases  of  VN  and  the  VOR2  (see 
also  below),  and  we  speculated  that  our  results  were  related  to  the  different 
purposes  that  saccades  and  quick  phases  subserve:  whereas  quick  phases  only 
roughly  reorient  eye  position  when  the  eyes  are  displaced  somewhat  in  the  orbit 
by  the  slow  phase,  it  is  the  purpose  of  saccades  to  acquire  visual  targets  with  high 
precision.  Thus,  it  seems  conceivable  that  the  mechanism  responsible  for  the 
particular  type  of  interaction  that  occurs  between  saccades  and  the  VOR  is 
related  to  the  mechanism  by  which  goal-directed  saccades  achieve  their  accura¬ 
cy.  In  order  to  pursue  this  idea,  the  present  study  investigated  the  accuracy  of 
goal-directed  saccades  during  sinusoidal  head  rotation.  It  could  be  demonstrated 
that  saccades  under  such  conditions  have  an  even  better  accuracy  than  would  be 
expected  from  our  previous  "interaction  results.”2 


Methods 

Ten  healthy  subjects  sat  on  a  hydraulically  driven  chair  with  their  heads 
stabilized  on  the  chair  frame.  The  chair  was  rotated  sinusoidally  around  the 
vertical  axis  at  1.0  Hz  and  120° /second  peak  velocity.  The  subjects  were 
instructed  to  fixate  on  visual  targets  (red-light-emitting  diodes)  that  were 
mounted  on  two  horizontal  bars,  one  fixed  in  space  and  the  other  rotating  with 
the  subjects.  Each  bar  had  five  targets,  with  an  angular  separation  of  11.4° 
between  each  target.  All  targets  were  switched  on  sequentially  in  random  order. 
When  one  of  the  stationary  targets  was  shown,  the  VOR  gain,  aided  by  visual 
fixation,  reached  almost  1.0;  when  the  target  was  rotating  with  the  subjects,  there 
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was  a  residual  VOR  with  an  average  gain  of  0.3.  Only  saccades  made  either 
between  two  stationary  targets  or  between  two  rotating  targets  were  considered. 
Horizontal  eye  movements  were  recorded  electro-oculographically  and  analyzed 
by  a  computer.3 


Test  for  Linear  Summation  of  Quick  and  Slow  Eye  Movements 

Figure  1,  left,  schematically  shows  eye  position  and  eye  velocity  of  saccades 
embedded  in  a  sinusoidal  smooth  eye  movement.  It  illustrates  that  saccades 
could  be  in  the  same  (“ipsi”)  or  in  the  opposite  ("contra”)  direction  as  the  slow 
movement,  or  somewhere  between  the  two  extremes  (upper  trace).  It  assumes  a 
linear  summation  of  quick  and  smooth  eye-velocity  commands  (lower  trace). 
Figure  1,  right,  describes  the  procedure  used  to  test  whether  or  not  such 
embedded  saccades  do,  in  fact,  add  linearly  with  the  smooth  component.  First, 
the  amplitude-duration  (A-D)  relation  for  the  subjects'  normal  saccades  between 
stationary  targets  with  the  head  still  was  established.  Given  the  measured 
parameters  4>  and  T  of  embedded  saccades  as  defined  in  Figure  1,  left,  linear 
summation  predicts  that  their  mean-velocity  deviation,  Av  (Av  =  A <t>/T,  see 
Figure  1),  from  normal  saccades  with  the  same  duration,  T,  should  equal  the 
smooth-component  velocity.  As  a  measure  of  this  velocity,  one  can  consider  the 
velocity  just  before  (vb)  or  just  after  (va)  the  saccade.  Thus,  a  plot  of  Av  against  vb 
or  va  should  be  a  straight  line  of  slope  +1,  as  in  Figure  1,  lower  right,  if  linear 
summation  takes  place. 


Results 

Previous  Experiments 

In  a  number  of  different  experiments  with  humans,  it  could  be  demonstrated 
that  goal-directed  saccades  add  partially  with  smooth  eye  movements  of  various 
origins  whereas  quick  phases  of  nystagmus  do  not.  These  results  are  summarized 
in  Figure  2.  Consider,  for  example,  the  center  left  panel  labeled  "VOR  + 
fixation."  It  depicts  how  the  characteristics  of  visually  guided  saccades  change  if 
they  are  embedded  in  the  smooth  eye  movements  that  result  from  the  combined 
action  of  the  VOR  and  the  visual  fixation  system  during  rotation  in  the  light.  The 
figure  shows  the  velocity  deviation,  Av,  of  these  saccades  from  normal  saccades 
as  a  function  of  the  smooth  velocity  after  each  saccade.  The  upper  of  the  two 
curves  (open  circles)  was  obtained  with  a  peak  head  velocity  of  v  -  125°/second. 
It  has  a  clear  positive  slope,  indicating  a  linear  summation  of  saccades  with  the 
smooth  movement.  However,  the  curve  differs  from  the  theoretical  line  for  linear 
summation  in  two  ways:  (1)  its  average  slope  is  less  than  1.0,  suggesting  an 
incomplete  summation  of  saccades  with  the  VOR,  and  (2)  it  has  an  unexpected 
offset  of  about  +  70°/second,  which  indicates  that  the  embedded  saccades  were 
faster  than  normal  even  if  there  was  transiently  no  smooth  movement  (saccade 
occurring  during  turnaround  of  head  position);  we  termed  this  phenomenon 
“activation  effect.”  The  lower  curve  in  the  same  panel  corresponds  to  a  peak 
head  velocity  of  v  -  75°/second.  It  has  the  same  slope,  but  only  a  15°/second 
activation.  The  same  phenomena  were  observed  also  when  acoustically  evoked 
saccades  were  embedded  in  a  pure  VOR  during  rotation  in  the  dark  (upper  left 
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Figure  1.  Left:  schematized  time  courses  of  eye  position  (upper  trace)  and  eye  velocity  (lower  trace)  of  saccades  (solid  lines  and  arrows) 
embedded  in  a  sinusoidal  smooth  eye  movement  (broken  line).  Right:  test  for  linear  summation  of  saccade  and  smooth-movement  velocities. 
Linear  summation  predicts  Av  (defined  in  the  upper  right  panel)  to  equal  the  smooth-component  velocity  vb  (before  the  saccade)  or  v,  (after  the 
saccade).  vb  and  v,  are  defined  in  the  lower  left  panel. 


Figure  2.  Comparison  of  the  interaction  of  goal-directed  saccades  (left)  and  of  quick 
phases  of  nystagmus  (right)  with  smooth  eye  movements  generated  in  different  ways.  The 
velocity  deviation  of  goal-directed  saccades  exhibits  a  similar  correlation  with  smooth- 
component  velocity  whether  the  latter  is  generated  by  VOR  alone  (saccades  to  acoustic 
stimuli  in  dark),  by  a  combination  of  VOR  and  fixation  (saccades  to  lit  targets),  or  by  pursuit 
(head  stationary  but  target  moving).  The  velocity  deviation  of  quick  phases  of  vestibular  and 
optokinetic  nystagmus  is  uncorrelated  with  smooth-component  velocity  whether  the  latter 
is  generated  during  sinusoidal  rotation  in  dark  (VN  sin.  rot.),  during  postrotatory  nystagmus 
(VN  postrot.),  or  during  optokinetic  nystagmus  (OKN).  Median  values  of  pooled  data  from 
several  subjects;  number  of  subjects  indicated  in  each  panel. 
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panel)  or  when  goal-directed  saccades  occurred  during  pure  visual  pursuit 
movements  (lower  left  panel). 

By  contrast,  quick  and  slow  phases  of  VN  and  optokinetic  nystagmus  (OKN) 
interacted  in  a  quite  different  way.  Figure  2,  right,  compares  the  velocity  of  quick 
phases  of  VN  (produced  during  sinusoidal  rotation  and  during  postrotatory 
nystagmus  in  the  dark)  to  saccades  made  in  the  dark  while  there  was  no  rotation. 
The  figure  shows  the  velocity  difference  between  quick  phases  and  dark 
saccades  as  a  function  of  the  slow-phase  velocity.  For  both  situations,  the  slope  of 
this  relation  is  almost  horizontal,  and  the  relation  has  a  negative  offset.  This 
indicates  that  (1)  quick-  and  slow-phase  velocities  of  VN  do  not  add  and  (2)  quick 
phases  of  VN  are  slower  than  saccades  in  darkness.  Preliminary  results  with 
OKN  suggest  that  quick  and  slow  phases  of  OKN  do  not  add  either,  but  that  OKN 
quick  phases  are  about  as  fast  as  normal  saccades  (Figure  2,  lower  right). 


Metrics  of  Saccades  during  Visual  Suppression  of  VOR 

The  first  aim  of  the  present  study  was  to  investigate  whether  the  occurrence  of 
the  unexpected  activation  effect  depends  on  the  saccades  being  embedded  into 
smooth  eye  movements.  The  previous  experiments  showed  that  saccades  could 
be  faster  than  normal  even  if  there  was  momentarily  no  smooth  movement  (cf., 
previous  section).  This  suggested  that  the  activation  effect  depends  on  stimulation 
of  the  vestibular  system  rather  than  on  the  presence  of  a  smooth-pursuit 
movement.  To  this  end,  saccades  during  VOR  (targets  stationary  in  space)  and 
during  VOR  suppression  (targets  rotating  with  the  subjects)  were  compared.  In 
the  latter  case,  there  were  almost  no  smooth  eye  movements,  but  the  input 
vestibular  command  still  was  present.  The  velocity  characteristics  of  the  saccades 
in  the  two  situations  were  assessed  by  evaluating  their  A-D  slopes.  In  order  to 
isolate  the  activation  effect,  first  the  “net  saccade  amplitudes,”  A,  were  calcu¬ 
lated  by  removing  the  VOR  contribution,  assuming  a  partial  summation  of  70% 
(cf„  previous  section),  from  the  measured  amplitudes,  4>  (see  inset  in  Figure  3). 

As  displayed  in  Figure  3,  the  A-D  slopes  of  saccades  made  during  VOR  and 
during  suppression  of  VOR  appeared  almost  exactly  the  same,  but  both  were 
about  10%  steeper  than  for  normal  saccades.  These  findings  suggest  that  the 
saccadic  system  is,  in  fact,  activated  by  the  vestibular  stimulation  per  se.  The 
mechanism  by  which  this  stimulation  leads  to  the  activation  is  not  clear  at 
present. 


Does  the  Activation  Effect  Influence  the  Accuracy  of 
Goal-Directed  Saccades? 

Human  saccades  frequently  undershoot  their  target.  The  average  size  of 
saccades  responding  to  target  steps  of  more  than  10°  of  amplitude  is  roughly  90% 
of  the  target  amplitude.  One  may  ask  whether  activated  saccades,  due  to  their 
higher  velocity,  have  a  different  accuracy.  To  answer  this  question,  we  measured 
the  net  amplitude  of  saccadic  responses  to  target  steps  of  11.4°,  22.8°,  34.2°,  and 
45.6°  amplitude  during  VOR  (target  stationary  in  space)  and  during  VOR 
suppression  (target  rotating  with  the  subject). 

As  can  be  seen  from  Figure  3,  both  types  of  saccades  have  essentially  the 
same  amplitude  as  normal  saccades.  Those  during  head  rotation,  however,  reach 
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their  targets  with  shorter  durations.  Saccades  of  about  40°  amplitude,  for 
example,  needed  only  108  mseconds  or  so  during  head  rotation  but  about  122 
mseconds  without  head  rotation.  The  described  constancy  of  saccade  amplitudes 
conflicts  with  the  idea  of  a  rigid  preprogramming  of  the  saccade  amplitude  by 
means  of  a  predetermined  duration.  With  preprogramming,  activated  saccades 
would  have  the  same  duration  as  normal  ones  but,  being  faster,  would  achieve  a 
larger  amplitude  during  this  time.  Rather,  our  findings  are  in  agreement  with  the 
idea  that  the  saccade  is  controlled  by  nonvisual  feedback  during  its  execution.5 


ANGLE  OF  HEAD  ROTATION  DURING  SACCADE 


Figure  4.  Variation  of  saccade  amplitude  (A^,,,*,  defined  as  the  amplitude  deviation  of 
goal-directed  saccades  in  the  VOR  +  fixation  condition  from  normal  saccades  elicited  by 
the  same  target  displacement)  as  a  function  of  the  angle  of  head  rotation,  A<£Hsad,  during 
each  embedded  saccade.  Pooled  data  from  all  subjects  and  all  target  amplitudes. 


Does  the  Incomplete  Summation  Influence  the  Accuracy  of 
Goal-Directed  Saccades? 

During  sinusoidal  head  rotation,  saccades  aimed  at  stationary  targets  in  space 
(VOR  +  fixation)  must  account  for  the  angle  A</>HMd  through  which  the  head  is 
turned  during  their  execution,  in  order  to  achieve  normal  accuracy.  Assuming, 
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for  instance,  a  head-rotation  velocity  of  lOOVsecond  and  a  saccade  duration  of  50 
mseconds,  an  ipsi-saccade  must  have  a  5°  larger  (and  a  contra-saccade,  a  5° 
smaller)  amplitude  than  a  normal  saccade  elicited  by  the  same  target  amplitude. 
If  there  were  a  full  linear  summation  of  saccade  velocity  and  VOR  velocity,  the 
necessary  values  would  ensue  automatically.  But,  since  the  summation 

effect  amounted  to  only  about  70%,  an  actual  A0Mr,  of  only  70%  •  lOOVsecond  • 
50  mseconds  =  3.5°  can  be  expected  in  the  given  example  (A$MCC  denotes  the 
amplitude  deviation  of  an  embedded  saccade  from  a  normal  saccade).  This 
prediction  was  tested. 

Figure  4  relates  A0MCC  to  A<£Head  (pooled  data  from  all  subjects).  Interestingly, 
the  relation  has  a  slope  of  almost  1.0.  This  indicates  that  the  angle  of  head 
rotation  during  the  saccade  is  100%  accounted  for,  and  not  only  70%  as  expected. 
Therefore  it  can  be  concluded  that  the  eyes  reach  their  target  with  exactly  the 
same  accuracy  as  normal  saccades. 

This  unexpected  constancy  of  the  saccade  accuracy  is  analyzed  in  more  detail 
in  Figure  5,  which  represents  saccadic  responses  to  target  steps  of  11.4°  in  the 
VOR  +  fixation  condition.  In  Figure  5A,  the  amplitudes  of  embedded  saccades 
are  plotted  as  a  function  of  A#Head.  The  relationship  has  a  slope  of  close  to  1.0,  in 
accordance  with  Figure  4,  and  an  intercept  of  10°.  The  intercept  indicates  an 
accuracy  of  88%  for  these  saccades,  which  is  fairly  normal.  In  Figure  5B,  the 
variation  of  saccade  velocity  (defined  as  the  difference  of  individual  peak 
velocities  from  the  average  peak  velocity)  is  plotted  as  a  function  of  the  head 
velocity  measured  during  the  saccade.  This  relation  has  a  slope  of  0.7,  in 
agreement  with  the  notion  that  only  70%  of  VOR  velocity  is  added  to  the  velocity 
of  the  embedded  saccade.  As  outlined  above,  this  incomplete  addition  of  the 
VOR  velocity  will  account  for  about  70%  of  the  head  displacement  during  the 
saccade.  In  order  to  compensate  for  the  remaining  30%,  the  duration  of  the 
saccade  is  varied.  This  is  shown  in  Figure  5C. 

It  will  be  noted  that  ipsi-saccades  have,  on  the  average,  longer  durations  than 
contra-saccades.  Ipsi-saccades  that  occur  at  lOOVsecond  head  velocity,  for 
example,  have  a  duration  about  4  mseconds  longer  as  compared  with  those  at 
zero  head  velocity.  Given  the  A-D  slope  of  these  saccades  (450Vsecond,  see 
Figure  3),  such  a  lengthening  increases  the  saccade  amplitude  by  1.8°.  The 
average  duration  of  saccades  aimed  at  11.4°  was  about  50  mseconds.  Thus,  with  a 
head  velocity  of  lOOVsecond,  30%  of  head  displacement  during  such  a  saccade 
corresponds  to  30%  •  100° /second  •  50  mseconds  =  1.5°,  which  is  in  fairly  good 
agreement  with  the  value  of  1.8°  derived  from  Figure  5C.  Similar  results  were 
obtained  with  target  steps  of  22.3°. 

These  data  therefore  suggest  that  an  adjustment  of  the  saccade  duration  helps 
to  achieve  the  desired  accuracy  of  gaze  in  our  experiment. 


Model  Implications 

Recent  human  experiments  support  the  concept  that  saccades  are  not  "ballis¬ 
tic”  in  nature,  but  rather  seem  to  be  controlled  by  a  “local  feedback,”  which  helps 
the  saccade  to  reach  its  desired  position  despite  variations  of  velocity  from  one 
saccade  to  another.45  The  "local  feedback”  hypothesis  offers  a  basis  for  the 
interpretation  of  the  present  experimental  results. 

The  relevant  section  of  a  model  of  the  oculomotor  system  based  on  this 
hypothesis  is  given  in  Figure  6.  It  assumes  that  during  goal-directed  saccades,  a 
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signal  representing  70%  of  head  velocity  (g  -  0.7)  is  added  to  the  neural  activity 
that  determines  saccade  velocity  (i.e.,  the  saccadic  pulse).  The  summated  velocity 
signal  is  integrated,  thereby  yielding  “eye  position  in  head.”  A  copy  of  this 
internal  eye  position  representation  is  then  fed  back  locally  and  compared  to  the 
“desired  eye  position  in  head.”  A  saccade,  once  initiated,  will  continue  as  long  as 
the  difference  of  these  two  signals  exceeds  a  given  threshold. 


Figure  5.  Parameters  of  saccadic  reactions  to  target  steps  of  11.4°  in  the  VOR  +  fixation 
condition.  A:  amplitude  of  embedded  saccades  as  a  function  of  the  angle  of  head  rotation, 
&4> H»d,  during  each  saccade.  B:  variation  of  saccade  peak  velocity  as  a  function  of  head 
velocity  during  each  saccade.  C:  variation  of  saccade  duration  as  a  function  of  head  velocity 
during  each  saccade. 
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Local  feedback 


head  velocity 


Ficure  6.  Simplified  part  of  an  oculomotor  mode]  that  contains  a  "local  feedback" 
controlling  the  saccades.  Outside  of  saccades,  the  VOR  gain  is  allowed  to  reach  1.0.  During 
voluntary  saccades,  the  VOR  is  assumed  to  have  a  gain  of  0.7;  and  during  quick  phases  of 
nystagmus,  the  VOR  is  thought  to  be  switched  off  completely.  Voluntary  responses  to  target 
steps  in  the  VOR  +  fixation  condition  require  a  combination  of  a  smooth  compensatory 
movement  and  a  rapid  gaze  step.  A  typical  time  course  of  the  desired  eye-position  signal  in 
this  condition  is  given  in  the  left  graph,  and  a  typical  response  to  this  pattern  is  schematized 
by  the  solid  lines  in  the  right  graph;  dashed  arrow  and  curve  indicate  desired  time  course. 
Note  that  the  generated  saccade  amplitude,  <t>,  differs  from  the  amplitude  of  the  desired 
gaze  step  (dashed  arrow].  At  the  end  of  a  saccade,  generated  and  desired  eye  positions 
match.  This  match  is  ensured  by  the  local  feedback  mechanism  and  depends  neither  on 
variation  of  saccade  velocity  (e.g.,  caused  by  an  activation  of  the  saccade)  nor  on  the  lack  of 
a  full  VOR  while  the  saccade  is  executed  (due  to  incomplete  summation  of  VOR  and 
saccade  velocities). 


Such  a  scheme  could  therefore  explain  the  normal  accuracy  of  activated 
saccades  as  well  as  the  normal  accuracy  of  saccades  that  are  embedded  in  the 
VOR.  Whatever  momentary  intensity  the  saccade  pulse  assumes,  the  feedback 
mechanism  ensures  a  constant  accuracy  by  shortening  or  lengthening  the 
saccade  duration  accordingly.  The  proposed  model  also  corrects  the  incomplete 
summation  of  VOR  and  saccadic  commands  automatically  since  it  compares 
"generated  eye-in-head  position”  with  “desired  eye-in-head  position"  and 
ensures  the  match  of  these  two  signals  at  the  end  of  each  saccade. 

In  summary,  the  model  would  explain  our  observations  on  voluntary,  goal- 
directed  saccades  that  are  embedded  in  the  VOR.  It  was  not  possible,  however,  to 
decide  in  the  present  study  to  what  extent  the  quick  phases  of  nystagmus  (which 
interact  with  the  VOR  in  a  different  way)  share  the  postulated  feedback  circuitry. 
Although  it  has  been  shown  that  quick  phases  ‘'reorient”  eye  position  in  the 
direction  of  head  turning,"  their  performance  is  too  variable  to  allow  enough 
insight  into  their  intrinsic  goals  by  means  of  studying  behavioral  data.  Which 
neuronal  structures  are  common  to  quick  phases  and  voluntary  saccades  and 
which  are  not  therefore  is  a  question  that  remains  to  be  elucidated  further. 
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Summary 

The  accuracy  of  human  goal-directed  saccades  during  passive  sinusoidal 
whole-body  rotation  is  the  same  as  that  of  normal  saccades  with  the  head  still. 
Two  mechanisms  contribute  to  this  accuracy: 

1.  There  is  an  incomplete  summation  (70%  on  the  average)  of  saccade  and 
VOR  velocities. 

2.  The  duration  of  saccades  during  head  rotation  is  lengthened  if  VOR  and 
saccade  velocities  have  the  same  direction,  and  is  shortened  if  their  direction  is 
opposite. 

The  latter  finding  supports  the  hypothesis  that  saccades  are  controlled  by 
local  feedback. 
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Introduction 

Slow  saccadic  eye  movements  are  observed  in  some  patients  with  neurologi¬ 
cal  diseases  such  as  Huntington’s  chorea,  Wilson's  disease,  progressive  supranu¬ 
clear  palsy,  and  various  types  of  spinocerebellar  degeneration.19  Routine  elec¬ 
tronystagmography  (ENG)  equipment,  however,  cannot  detect  slowing  of 
saccades  until  the  velocity  decreases  severalfold,  and  the  mechanism  of  saccade 
slowing  remains  unknown.  Recently,  quantitative  measurements  of  saccades 
with  a  laboratory  digital  computer  have  been  used  to  accurately  assess 
saccades.10"12 

The  present  experiments  are  concerned  on  the  one  hand  with  investigating 
saccade  abnormalities  and  on  the  other  hand  with  defining  the  differences 
between  two  types  of  tracking  eye  movements  and  assessing  the  differential 
diagnosis  of  patients  with  central  nervous  system  (CNS)  dysfunction. 


Method  and  Materials 

Thirty-two  normal  subjects  were  studied  to  determine  the  reliability  and 
usefulness  of  a  clinical  test  for  accurate  measurement  of  saccadic  eye  move¬ 
ments. 


Recording  of  Eye  Movements 

Electrodes  were  placed  laterally  to  both  outer  canthi  to  record  horizontal  eye 
movements,  and  a  ground  electrode  was  located  on  the  forehead.  The  binocular 
horizontal  direct-current  ENG  was  recorded  with  a  rectilinear  pen  linkage.  All 
eye  movements  were  stored  on  magnetic  tape  for  later  digital-computer  analysis. 
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Target  Generation 

The  subject  was  seated  in  a  chair  with  his  head  fixed  mechanically.  He  was 
asked  to  follow  a  small  lamp  that  was  moved  horizontally  using  a  manual  drive. 
The  lamp  was  turned  on  randomly,  giving  stepwise  jumps  of  random  amplitude 
from  10  to  60°  with  random  intervals  between  jumps.  A  standard  tracking 
sequence  is  (1)  calibration,  (2)  a  series  of  90  stepwise  jumps,  and  (3)  recalibration. 


Data  Analysis 

Parameters  of  each  saccade  in  analyzing  data  with  a  digital  computer 
(PDP*ll/40)  are  as  follows:  (1)  latency,  (2)  maximum  velocity,  and  (3)  amplitude. 
A  computer  program  also  was  developed  to  measure  the  slow-phase-component 
velocity  for  induced  optokinetic  nystagmus  (OKN).13 


Normal  Data 

Figure  la  illustrates  a  saccade  sequence  in  a  normal  subject. 

1.  Coefficients  between  maximum  velocity  and  logarithmic  transformation 
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Figure  1.  Horizontal  saccadic  eye  movements  in  a  normal  subject,  a:  saccade  sequence, 
be  coefficients  between  maximum  velocity  and  logarithmic  transformation  of  amplitude,  c: 
latency,  <fc  relationship  between  saccade  amplitude  and  target  amplitude. 
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Figure  2.  The  mean  value  of  slow-phase  OKN  averaged  in  10  normal  subjects. 


of  amplitude  [log(Amp)]  were  adopted.  The  relationship  between  normal  saccade 
velocity  and  logfAmp)  was  fitted  to  a  straight  line;  the  average  slope  was 
377°/second  (Figure  lb). 

Y  -  377X  -  157  (degrees/second)  (r  -  0.959) 

2.  The  latency  (reaction  time)  of  saccades  was  nearly  constant,  about  283  ±  70 
mseconds,  regardless  of  target-jump  interval  and  target-jump  amplitude  (Figure 
lc),  but  the  initial  saccade  occurred  within  about  410  ±  141  mseconds  after  the 
target  jump  for  each  saccade. 

3.  Eye  amplitude  was  nearly  equal  to  target  amplitude  (Figure  Id). 

Smooth  pursuit  and  OKN  also  were  tested  to  define  differences  between 
saccade  and  the  pursuit  system. 


Optokinetic  Nystagmus 

The  subject  sat  surrounded  by  a  large  screen  on  which  black  and  white  stripes 
were  projected.  The  stripes  were  rotated  with  an  acceleration  rate  of  1.2°/ 
second1  for  100  seconds  and  a  peak  stimulus  velocity  of  120°/second  in  clockwise 
and  counterclockwise  directions.14  To  define  abnormal  OKN,  slow-phase  veloc¬ 
ity  was  adopted  as  a  measure  (Figure  2). 


Pursuit  Eye  Tracking  Test 

The  subject  was  asked  to  follow  a  small  target  moving  sinusoidally  with  a 
frequency  of  0.3  Hz  and  an  amplitude  of  20s.  Under  these  conditions,  the  peak 
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velocity  of  the  target  was  18.8°/second.  Abnormalities  in  pursuit  eye  movements 
were  established  by  irregularities  in  the  smooth  sinusoidal  curve  of  the  eyes.15 


Materials 

Based  on  these  normal  data,  saccade  abnormalities  together  with  abnormali¬ 
ties  in  pursuit  eye  movements  were  studied  in  55  patients  with  various  CNS 
dysfunctions  as  listed  in  Table  1.  The  clinical  diagnoses  were  confirmed  by 
operation,  computerized  tomography,  angiography,  and  other  neurological  exam¬ 
inations. 


Results 

Unilateral  Cerebral  Lesions 

Subjects  with  unilateral  lesions  of  the  cerebrum  included  6  patients  who  had 
had  cerebrovascular  accidents  and  11  patients  with  brain  tumors:  5  with  frontal 
lobe  lesions,  3  with  temporal  lobe  lesions,  4  with  occipital  lobe  lesions,  and  5  with 
frontoparietal  lesions. 

In  10  patients,  saccades  were  normal.  In  7  patients,  saccades  toward  the  side 
contralateral  to  the  lesion  had  the  following  characteristics  (Figure  3A):  (1) 
hypometric  and  multiple  saccades,  (2)  prolongation  of  latency  and  duration,  and 
(3)  normal  velocity  in  each  saccade.  All  7  patients  who  had  saccade  abnormalities 
showed  slow-phase  OKN  abnormalities  toward  the  lesion  side.  Smooth  pursuit 
toward  the  lesion  side  also  was  impaired. 


Basal  Ganglia  Diseases 

Patients  with  basal  ganglia  diseases  included  three  with  Parkinson’s  disease, 
two  with  Huntington’s  chorea,  one  with  striatonigra  degeneration,  and  one  with 
Wilson’s  disease.  Three  of  the  patients  had  impairments  of  smooth  pursuit  and 
OKN.  Four  patients  had  a  long  latency  of  saccade  onset,  and  one  patient  had  a 


Table  1 

Locations  of  Lesions  in  55  Patients 


Cerebrum 

Tumor 

11 

Vascular 

7 

Cerebellum 

Tumor 

1 

Vascular 

6 

Mesencephalon 

Vascular 

1 

Pons 

Vascular 

3 

CP  angle 

Tumor 

6 

Basal  ganglia 

Parkinson '8  disease 

3 

Huntington's  chorea 

2 

Wilson's  disease 

1 

Others 

Striatonigra  degeneration 

1 

Spinocerebellar  degeneration 

13 
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Figure  3.  The  types  of  saccades.  Vertical  lines  indicate  target  displacement.  A:  multiple* 
step  and  hypometric  saccades  (MSHS)  with  long  latency.  B:  MSHS  with  normal  latency.  C: 
overshoots  at  small  target  amplitude  and  dual-step  saccades  with  short  intersaccadic 
latency  at  large  target  amplitude.  D:  MSHS  with  slow-velocity  segments.  E:  prominent  slow 
saccades.  F:  slow-velocity  and  long-duration  saccades. 


prominent  slowing  of  saccades  (Figure  3F).  Saccade  accuracy  was  not  impaired 
in  any  of  the  patients. 


Cerebellar  Lesions 

The  seven  patients  with  cerebellar  lesions  included  three  with  cerebellar 
vermian  infarction,  two  with  cerebellar  vermian  hemorrhages,  one  with  hemi¬ 
spheric  infarction,  and  one  with  hemispheric  metastatic  tumor. 

In  the  two  patients  with  hemispheric  lesions,  hypometric  and  multiple-step 
saccades  were  present  toward  the  side  ipsilateral  to  the  lesion  (Figure  3B).  Two 
patients  with  cerebellar  vermian  lesions  had  hypermetria  toward  both  sides  at 
small  target  amplitudes,  while,  in  contrast,  hypometric  and  dual-step  saccades 
with  short  intersaccadic  latencies  were  detected  at  large  target  amplitudes 
(Figure  3C).  In  all  patients  with  cerebellar  lesions,  however,  the  amplitude- 
velocity  relationships  were  unaffected.  These  patients  also  had  normal  reaction 
times. 

In  the  patient  with  a  unilateral  cerebellar  tumor,  both  smooth  pursuit  and 
slow-phase  OKN  toward  the  side  of  the  lesion  were  impaired.  In  three  patients 
with  cerebellar  vermian  lesions,  OKN  slow  phases  were  normal  at  stimulus 
velocities  lower  than  40~60°  second,  but  were  reduced  greatly  at  stimulus 
velocities  higher  than  60~70°  second. 


Upper-Brain-Stem  Lesions 

Four  patients  with  vascular  disorders  in  the  upper  brain  stem  were  tested  in 
this  series:  two  patients  with  pontine  hemorrhage,  one  patient  with  midbrain 
infarction,  and  one  patient  with  aneurysm  of  the  basilar  artery. 
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The  two  patients  with  pontine  hemorrhages  had  a  total  defect  of  smooth 
pursuit,  OKN,  and  saccades.  In  the  remaining  two  patients,  saccade  velocity  was 
impaired  prominently  (Figure  3D  and  E).  From  a  detailed  analysis,  saccade 
velocity  toward  the  contralateral  side  of  the  lesion  was  rather  slower  than  that 
toward  the  lesion  side  in  the  patient  with  mesencephalic  infarction.  In  the  patient 
with  aneurysm  of  the  basilar  artery  near  the  pontine  base,  in  contrast,  saccade 
velocity  toward  the  side  of  the  lesion  was  slower  than  that  toward  the  contra¬ 
lateral  side. 

Both  smooth  pursuit  and  OKN  slow  phases  were  unaffected  in  the  patient 
with  mesencephalic  infarction.  In  the  patient  with  aneurysm  of  the  basilar  artery, 
smooth  pursuit  was  not  impaired,  but  slow-phase  OKN  was  reduced  prominent¬ 
ly- 


Lower-Brain-Stem  Lesions 

Six  patients  with  cerebellopontine  (CP)  angle  tumors  were  tested.  In  one 
patient  who  had  brain-stem  compression,  overshooting  of  saccades  was 
observed,  but  the  maximum  velocity  of  each  saccade  was  nearly  normal.  The 
other  patients  had  no  saccade  abnormalities.  Pursuit  and  slow-phase  OKN 
impairments  in  patients  with  CP  angle  tumors  most  often  were  ipsilateral  but 
sometimes  were  bilateral. 


Spinocerebellar  Ataxia 

Thirteen  patients  with  spinocerebellar  ataxia  were  investigated— 3  with 
ataxia  of  the  spinal  form,  such  as  Friedreich’s  ataxia;  5  with  ataxia  of  the 
spinocerebellar  form;  and  5  with  ataxia  of  the  cerebellar  form.  Of  the  13  patients 
with  spinocerebellar  ataxia,  5  patients  showed  shorter  latency  than  did  normal 
subjects.  Patients  with  ataxia  of  the  spinocerebellar  form  had  the  strongest 
impairment  of  saccade  velocity.  Furthermore,  slowing  of  saccades  in  patients 
with  ataxia  of  the  cerebellar  form  was  stronger  than  in  patients  with  ataxia  of  the 
spinal  form.  Both  smooth  pursuit  and  OKN  were  impaired  bilaterally  in  all  13 
patients. 


Discussion 

Table  2  summarizes  saccade  abnormalities  together  with  other  oculomotor 
abnormalities,  based  on  the  results  described  above.  In  this  report,  we  should  like 
to  make  some  comments  on  the  unidirectional  abnormalities  of  saccade  and 
pursuit  in  patients  with  unilateral  CNS  lesions. 

Figure  3  shows  typical  types  of  saccadic  refixations  observed  in  our  patients. 
Saccadic  refixations  are  classified  into  normometric  or  dysmetric  types.”  The 
dysmetric  movements  are  either  hypermetric  or  hypometric,  to  be  designated  as 
either  overshooting  or  undershooting,  respectively.  The  most  common  type  of 
hypometria  is  the  dual  step  of  a  physiologic  undershoot  manifested  by  normal 
subjects.  Multiple-step  hypometric  saccades  (MSHS)  can  be  divided  into  two 
types,  normal  and  slow,  based  upon  the  peak  angular  velocity  of  each  segment  of 
the  eye  movement.”  Normal-velocity  MSHS  can  be  regarded  as  abnormal  eye 
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movements  only  if  they  occur  predominantly  in  one  direction  or  with  excessive 
frequency.1"-17  In  the  present  study,  in  patients  with  unilateral  cerebral  or 
cerebellar  lesions,  MSHS  with  excessive  frequency  occurred  predominantly  in 
one  direction.  These  MSHS  commonly  were  seen  toward  the  side  contralateral 
to  the  lesion  in  patients  with  unilateral  cerebral  disease,  while  in  contrast  this 
pattern  frequently  was  observed  toward  the  lesion  side  in  patients  with  unilateral 
cerebellar  lesions.  The  velocity  of  MSHS,  however,  was  not  reduced.  The 
impairments  of  smooth  pursuit  and  slow-phase  OKN  in  the  patients  with  either 
cerebral  or  cerebellar  lesions  occurred  toward  the  ipsilateral  side  of  the  lesion. 

Robinson  reported  that  horizontal  saccades  can  be  induced  by  stimulation  of 
the  contralateral  cerebral  cortex.1*-19  Komhuber  suggested  that  in  patients  with 
unilateral  cerebellar  lesions,  the  dysmetria  occurred  ipsilaterally  to  the  lesion 
and  that  the  velocity  of  hypometric  saccades  might  be  normal.29,21  Furthermore, 
Aschoff  and  Cohen  demonstrated  hypometric  saccades  in  animal  experiments.22 


Table  2 


Summary  of  Saccade,  Smooth-Pursuit,  and  OKN  Abnormalities  in  Unilateral 
CNS  Disorders  at  Different  Locations 


Unilateral 

Saccade 

Saccade 

Saccade 

Smooth 

Slow-Phase 

Lesions 

Velocity 

Accuracy 

Latency 

Pursuit 

OKN 

Cerebrum 

_» 

MSHSf 

Increased 

Impaired 

Impaired 

(Contra)^ 

(Contra) 

(Ipsi) 

(Ipsi) 

Cerebellum 

— 

MSHS 

— 

Impaired 

Impaired 

(Ipsi  )§ 

(Ipsi) 

(Ipsi) 

Mesencephalon 

Impaired 

(Blt)K 

Impaired 

— 

— 

— 

— 

Pons 

— 

— 

— 

Impaired 

(Bit) 

(Bit) 

CP  angle 

— 

— 

Impaired 

Impaired 

(Ipsi) 

(Ipsi) 

* — :  normal. 

fMSHS:  multiple-step  hypometric  saccades. 
^Contra:  contralateral. 

§Ipsi:  ipsilateral. 

IBlt:  bilateral. 


The  amplitude-velocity  relationship,  however,  was  unaffected  by  cerebellar 
cortical  lesions.  Therefore,  it  is  suggested  that  the  amplitude  of  saccades  is 
modulated  by  the  contralateral  cerebrum  and  ipsilateral  cerebellum,  and  that  the 
velocity  of  MSHS  is  unaffected  by  either  type  of  lesion. 

Slowing  of  saccades  occurred  bilaterally  in  patients  with  mesencephalic  and 
pontine  vascular  disorders.  From  detailed  analysis  of  each  parameter,  however, 
saccades  toward  the  side  contralateral  to  the  lesion  were  decreased  further  in  a 
patient  with  mesencephalic  disorder,  while  saccades  toward  the  side  of  the 
lesion  were  decreased  rather  prominently  in  a  patient  with  pontine  lesion. 
Smooth  pursuit,  in  contrast,  was  not  impaired  in  either  mesencephalic  or  pontine 
disorders. 

Furthermore,  in  the  patients  with  spinocerebellar  ataxia,  saccades  were  slow. 
This  might  be  caused  by  transneuronal  atrophy  of  oculomotor  neurons  in  the 
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brain  stem,  as  Komhuber  has  suggested.20,21  The  slowing  of  saccades  observed  in 
these  patients  also  is  compatible  with  physiological  evidence  that  the  paramedian 
pontine  reticular  formation  (PPRF)  is  essential  for  the  production  of  horizontal 
rapid  eye  movements.23  Hence,  it  follows  that  the  pontine  and/or  the  mesence¬ 
phalic  paramedian  reticular  formation  mainly  govern  saccade  velocity,  and  that 
the  pathway  responsible  for  saccades  might  cross  between  the  mesencephalon 
and  the  pons. 

Another  point  of  interest  is  that  in  a  patient  with  mesencephalic  infarction, 
prominent  saccade  slowing  was  observed  with  well-preserved  smooth  pursuit 
and  OKN.  This  suggests  that  the  saccadic  system  may  have  important  differences 
from  the  system  producing  quick  phases  of  OKN.  This  is  a  matter  to  be 
investigated  in  the  future. 


Conclusion 

From  the  analysis  of  quantitative  eye-movement  recordings  in  patients  with 
neurologic  diseases,  several  types  of  saccade  dysfunctions  could  be  discrimi¬ 
nated.  Observations  of  these  saccade  abnormalities  are  of  diagnostic  importance. 
Together  with  other  ENG  findings,  measurements  of  saccadic  eye  movements 
may  provide  a  differential  diagnosis  among  patients  with  CNS  disorders. 
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Introduction 

The  function  of  the  vestibulo-ocular  reflex  (VOR)  is  to  keep  an  image  stable 
on  the  retina.1  Recent  investigations  of  eye  movements  in  human  subjects, 
monkeys,  cats,  and  rabbits  have  revealed  striking  modification  of  VOR  gain 
(maximum  slow-phase  velocity /maximum  head  velocity)  by  vision,  which  tends 
to  stabilize  retinal  images  of  the  visual  surround.1'5  This  modulation  of  VOR  gain 
by  vision  was  abolished  effectively  by  total  cerebelloflocculectomy.1,4,5  As  a 
result,  VOR  gain  was  increased  by  30%  in  cats.5  Based  on  these  experimental 
data,  visual-vestibular  interaction  now  has  been  used  as  a  diagnostic  tool  to 
assess  cerebellar  dysfunctions.8  7  The  diagnostic  value,  however,  has  not  yet  been 
established  for  examination  of  disturbances  of  the  brain  stem.  In  order  to  achieve 
this  goal,  visual-vestibular  interaction  was  measured  and  compared  between 
normal  individuals  and  patients  who  showed  failure  of  fixation  suppression  of 
caloric  nystagmus." 


Methods 

Subjects 

Sixteen  normal  adults  between  the  age  of  20  and  44  years,  who  had  neither 
auditory  nor  vestibular  abnormalities,  were  subjects  for  the  present  study.  They 
were  instructed  not  to  take  drugs  or  drink  alcohol  for  24  hours  before  the  test. 
Twenty-seven  patients  with  central  nervous  system  (CNS)  disorders  were 
studied.  All  the  patients  showed  failure  of  fixation  suppression.  Nine  out  of  27 
patients  were  excluded  because  they  were  postoperative  cases,  because  of 
incomplete  clinical  or  electro-oculographic  (EOG)  data,  or  because  they  were 
taking  either  diphenylhydantoin  or  barbiturates.  The  remaining  18  patients, 
whose  lesions  were  documented  by  clinical  and/or  objective  evidence,  were 
classified  into  three  groups  as  follows: 

Group  A  included  eight  patients  with  pure  cerebellar  atrophy.  Neurologic 
examination  revealed  signs  of  cerebellar  dysfunction  only.  Two  of  these  cerebel¬ 
lar-atrophy  patients  were  documented  by  pneumoencephalography. 

Group  B  consisted  of  six  patients,  one  with  pinealoma  and  one  with  glomus 
jugular  tumor,  which  subsequently  were  documented  by  surgical  procedures. 
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The  remaining  four  patients  had  had  vascular  accidents,  which  were  confirmed 
by  history,  clinical  symptoms,  laboratory  findings,  angiography,  and  computer 
tomography  (CT)  scanning. 

In  group  C,  two  out  of  four  patients  had  brain-stem  encephalitis  and/or 
degenerative  diseases,  as  evidenced  by  history  and  laboratory  findings.  One 
patient  had  a  cerebellar  hemorrhage,  which  was  corrected  by  a  surgical  proce¬ 
dure.  Ten  days  after  the  EOG  test  was  performed,  this  patient  came  to  autopsy 
after  a  heart  attack.  The  remaining  patient  had  an  acoustic  neurinoma  at  the 
fourth  stage,  which  was  removed  by  a  surgical  procedure.  The  lesion  sites  of 
these  18  patients  are  summarized  in  Table  1. 


Methods 

A  newly  devised  rotatory  chair,  which  could  be  controlled  automatically,  was 
used  for  measurements  of  VOR  gain  and  effects  of  visual  fixation  on  perrotatory 
nystagmus.  The  subjects  were  rotated  about  the  chair's  vertical  axis  with  head 
fixed  30°  forward.  Two  types  of  angular  acceleration,  sinusoidal  and  constant. 


Table  l 

Lesion  Sites  of  Patients  with  CNS  Disorders 


Group 

Site/Type 

Number  of  Patients 

A 

Cerebellar  Atrophy 

8 

B 

Brain  Stem 

Vascular 

4 

Tumor 

2 

C 

Cerebellum  &  Brain  Stem 

Vascular 

1 

Acoustic  Tumor 

1 

Degenerative  or 

Inflammatory 

2 

were  applied.  The  sinusoidal  stimulus  was  composed  of  frequencies  over  the 
range  of  0.125-0.25  Hz  and  amplitudes  over  the  range  of  20°,  30°,  and  60° 
respectively.  VOR  gain  was  established  by  the  ratio  of  10  successive  peak-to-peak 
eye  velocities  to  head  velocities.  VOR  gain  was  measured  both  in  total  darkness 
and  with  eyes  fixed  on  a  spot  moving  with  the  head.  The  constant-acceleration 
stimulus  of  5°/second2  for  20  seconds  was  followed  by  lOOVsecond  constant 
velocity  for  40  seconds,  and  the  chair  then  was  decelerated  to  zero  velocity  at  an 
angular  acceleration  of  -5°/second2.  The  subject  fixed  his  gaze  on  a  spot  moving 
with  his  head  for  5  seconds  during  the  period  of  constant  velocity  and  then  while 
the  rotation  chair  was  at  a  standstill.  The  fixation-suppression-induced  slow- 
phase  velocity  was  compared  with  that  during  the  control  period.  Thus,  the 
percentage  reduction  of  slow-phase  velocity  was  established. 


Recording 

Electrodes  (Ag-AgCl)  were  attached  laterally  to  the  outer  canthus  of  each  eye, 
and  horizontal  eye  movements  were  recorded  with  direct-current  electro- 
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oculography.  Eye  movements  and  slow-phase  velocity  were  recorded  simulta¬ 
neously  with  a  polygraph  and  stored  on  an  FM  magnetic  tape.  The  EOG  was 
calibrated  by  making  subjects  look  at  a  target  moving  with  a  sinusoidal  waveform 
(frequency,  0.3  Hz;  amplitude,  20°)  before  and  after  each  test  procedure. 


Results 

Figure  1  shows  a  typical  recording  of  head  and  eye  position  in  a  normal 
subject.  The  VOR  gain  in  total  darkness  was  about  0.6  (Figure  1A)  and  was 
nearly  zero  with  eyes  fixed  (Figure  IB).  When  the  chair  was  rotated  with 
constant  acceleration,  the  slow-phase  velocity  of  nystagmus  increased  gradually. 
Perrotatory  nystagmus  during  the  period  of  constant  velocity  was  suppressed 
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Figure  1.  Typical  recording  of  head  and  eye  position  in  a  normal  subject.  VOR  gain  in 
the  dark  (A)  and  in  the  light  (B).  Perrotatory  nystagmus  during  the  period  of  constant 
velocity  is  suppressed  completely  with  eyes  fixed  (black  arrows)  (C). 


completely  with  eyes  fixed  on  a  spot.  During  the  period  of  deceleration  of  the 
chair,  a  nystagmus  contralateral  to  the  direction  of  that  during  acceleration  was 
present,  and  postrotatory  nystagmus  was  suppressed  adequately  with  eyes  fixed 
on  a  spot  when  the  chair  stopped  rotating  (Figure  1C). 

In  order  to  find  the  best  test  condition  for  sinusoidal  stimulation  in  normal 
subjects,  the  test  was  performed  over  the  frequency  range  of  0.125-0.25  Hz  and 
an  amplitude  range  of  20°,  30°,  and  60°  respectively.  The  average  VOR  gain  in 
darkness  was  nearly  0.6  and  did  not  depend  on  frequency  or  amplitude. 
Standard  deviations  (SD)  did  not  depend  on  frequency  at  each  amplitude,  but  did 
increase  at  the  lower  amplitudes  (Table  2A).  Of  these  conditions,  0.25-Hz 
frequency  and  60°  amplitude  were  selected  as  the  best  condition  (Table  2A).  The 
mean  VOR  gain  was  0.67  ±  0.07  at  0.25  Hz  (from  0.54  to  0.76).  The  VOR  gain  with 
eyes  fixed  was  less  than  0.2  regardless  of  amplitude  or  frequency  (Table  2B). 
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Table  2 


Normal  Limits  of  VOR  Gain  at  Each  Frequency  and  Amplitude 


Amplitude 

A* 

Bf 

Frequency 

Mean 

SD 

Frequency 

Mean 

SD 

[0.25 

0.67 

0.07 

0.25 

0.09 

0.08 

60° 

0.165 

0.68 

0.10 

0.165 

0.05 

0.06 

[  0.125 

0.63 

0.08 

0.125 

0.02 

0.04 

[0.40 

0.61 

0.16 

0.40 

0 

0 

30° 

0.33 

0.57 

0.13 

0.33 

0 

0 

10.25 

0.65 

0.15 

0.25 

0 

0 

| 

[0.40 

0.65 

0.18 

0.40 

0 

0 

20° 

J 

0.33 

0.56 

0.20 

0.33 

0 

0 

1 

10.25 

0.54 

0.21 

0.25 

0 

0 

*VOR  gain  in  the  dark. 
tVOR  gain  in  the  light. 


The  left  illustration  of  Figure  2  compares  the  VOR  gain  in  the  dark  between 
normal  subjects  and  patients  of  each  group.  N  on  the  abscissa  indicates  normal 
subjects.  A,  B,  and  C  refer  to  patients  belonging  to  the  respective  groups.  As 
shown  in  this  figure,  the  VOR  gain  of  seven  patients  in  group  A  (cerebellar 
atrophy]  increased  toward  1.0  but  did  not  exceed  it,  and  the  two  lower  values 
overlap  partly  with  the  upper  normal  limits.  The  remaining  one  patient  had  a 
striking  increase  in  VOR  gain.  In  group  A,  the  average  VOR  gain  was  0.85  ±  0.11 
in  the  dark.  In  group  B  (upper-brain-stem  lesions],  the  VOR  gain  was  increased 
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Figure  2.  Left  illustration  shows  VOR  gain  in  the  dark  for  normal  subjects  and  all 
patients.  N:  normal  subjects.  A,  B,  and  C:  patients  belonging  to  respective  groups.  Right 
illustration  indicates  VOR  gain  in  the  light  for  normal  subjects  (N)  and  all  patients  (P). 
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strongly  and  exceeded  1.0  except  for  one  patient.  The  average  VOR  gain  in  this 
group  was  1.06  ±  0.12  in  the  dark.  In  group  C  (brain-stem  and  cerebellar  lesions), 
VOR  gain  decreased  markedly  in  the  dark.  The  mean  VOR  gain  was  0.33  ±  0.11. 

The  right  illustration  of  Figure  2  compares  VOR  gain  of  normal  subjects  and 
patients  with  eyes  fixed  on  a  spat.  N  on  the  abscissa  indicates  normal  subjects, 
and  P  indicates  the  patients.  The  VOR  gain  was  less  than  0.2  in  normal  subjects 
but  more  than  0.2  in  patients  (from  0.2  to  0.8).  Thus,  in  these  patients,  visual 
fixation  failed  to  suppress  vestibular  responses. 

Figure  3  demonstrates  a  representative  case  in  group  A.  This  patient  had  a 
pure  cerebellar  atrophy.  The  VOR  gain  in  darkness  was  0.86  (Figure  3A),  and  the 
VOR  gain  with  eyes  fixed  was  0.5  (Figure  3B).  As  shown  in  Figure  3C,  there 
were  almost  no  effects  of  visual  fixation  on  perrotatory  nystagmus. 
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Figure  3.  VOR  gain  in  a  patient  with  pure  cerebellar  atrophy.  VOR  gain  in  the  dark  is 
0.86  (A)  and  in  the  light  is  0.5  (B).  Effects  of  visual  fixation  during  perrotatory  nystagmus  are 
reduced  (C). 
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Figure  4  shows  a  typical  record  of  group  B.  In  this  patient,  VOR  gain  was  1.12 
in  the  dark  (Figure  4A)  and  VOR  gain  with  eyes  fixed  was  0.43  (Figure  4B).  As 
shown  in  FIGURE  4C,  effects  of  visual  fixation  were  reduced  for  perrotatory 
nystagmus  in  both  directions.  This  patient  showed  paralysis  of  upward  gaze  with 
full  eye  movements  in  the  horizontal  axis.  A  CT  scan  revealed  a  high-density 
area  in  the  midbrain  (Figure  5). 

A  typical  case  from  group  C  is  demonstrated  in  Figure  6.  In  this  piatient, 
caloric  nystagmus  was  not  elicited  in  the  dark  but  was  enhanced  during 
attempted  fixation.  As  shown  in  Figure  6A,  VOR  gain  in  darkness  decreased 
markedly  (0.33),  and  VOR  gain  with  eyes  fixed  was  0.4.  Perrotatory  nystagmus 
was  not  elicited  in  the  dark  but  was  activated  with  eyes  fixed  (Figure  6C).  This 
pmtient  had  a  cerebellar  hemorrhage,  disclosed  by  CT  scanning.  Gross  sections  of 
the  cerebellum  and  brain  stem  in  this  piatient  revealed  the  hematoma  cavity  in 


Figure  5.  CT  scanning  in  the  same  patient  as  illustrated  in  Figure  4.  In  this  section 
through  the  third  ventricle,  a  rounded  high-density  area  is  seen  in  the  area  corresponding 
to  the  pineal  body. 
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and  around  the  right  dentate  nucleus.  The  brain  stem  had  an  unusual  brown- 
colored  plaque  almost  in  the  center  of  the  pons  at  the  level  of  the  trigeminal 
nerve  roots,  corresponding  to  the  site  of  the  paramedian  pontine  reticular 
formation  (PPRF).  The  flocculus  and  the  area  of  the  vestibular  nuclei  apparently 
were  spared. 

These  results  made  it  possible  to  classify  the  cases  into  the  following  four 
types: 

Type  1:  VOR  gain  and  visual  fixation  during  perrotatory  nystagmus  were 
normal. 

Type  2:  VOR  gain  approached  1.0,  but  did  not  exceed  it.  Visual  fixation  of 
perrotatory  nystagmus  was  reduced  or  abolished. 
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Figure  6.  VOR  gain  in  a  patient  with  cerebellar  and  brain-stem  lesion.  VOR  gain  in  the 
dark  is  0.33  (A)  and  in  the  light  is  0.4  (B).  Effects  of  visual  fixation  during  perrotatory 
nystagmus  are  enhanced  (C). 


Type  3:  VOR  gain  increased  beyond  1.0  and  visual  fixation  of  nystagmus  was 
reduced  or  abolished. 

Type  4:  VOR  gain  was  decreased  and  perrotatory  nystagmus  was  not  elicited. 

Type  2  was  seen  frequently  in  group  A  patients,  i.e.,  those  with  cerebellar 
atrophy.  Type  3  commonly  was  observed  in  group  B  patients,  i.e.,  those  with 
upper  and  lower  brain-stem  lesions,  and  type  4  changes  were  found  in  group  C 
patients,  those  with  pontine  lesions. 


DIBCU88ION 

When  the  head  is  rotated,  if  aye  movements  are  equal  but  opposite  to  head 
movements,  the  VOR  gain  is  defined  as  1.0.  Thus,  retinal  images  are  kept  still 
during  head  movements.  Recent  physiological  data  indicate  that  this  gain  control 
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is  executed  by  the  flocculus,  i.e.,  that  the  flocculus  receives  primary  vestibular 
signals  as  well  as  visual  signals  from  the  retina,  and  sends  inhibitory  outputs  to 
second-order  vestibular  neurons,  which  modulate  the  VOR  in  either  an  excita¬ 
tory  or  inhibitory  manner.1,6,10  In  rabbits,  it  was  reported  that  the  VOR  gain 
increased  with  fixed  slit  light,  and  dropped  with  slit  light  moving  in  phase  with 
the  turntable.  This  modulation  by  visual  stimulation  was  abolished  effectively 
after  total  flocculectomy.1  A  similar  light-guided  modulation  of  VOR  gain  also 
was  lost  after  ablation  of  the  flocculus  in  both  cats  and  monkeys.4-*  Thus  it  is 
conceivable  that  the  flocculus  is  a  medium  through  which  the  visual  system  can 
alter  or  modify  VOR  gain. 

Based  on  these  data,  measurement  of  VOR  gain  prevails  now  as  a  test  battery 
to  detect  cerebellar  dysfunction.6,7  In  patients  with  cerebellar  atrophy  (group  A), 
VOR  gain  in  darkness  rose  as  a  whole  but  overlapped  slightly  with  the  upper 
normal  limits.  All  the  patients  in  group  A  showed  an  increase  in  VOR  gain 
(p  <  0.01)  with  eyes  fixed,  i.e.,  effects  of  visual  fixation  on  VOR  were  reduced 
markedly  (Figure  2,  right,  P  column).  In  10  patients  with  cerebellar  atrophy,  the 
average  VOR  gain  was  within  normal  limits.  In  3  patients  with  clinically  pure 
cerebellar  disease,  VOR  responses  increased.7  In  5  patients  with  hereditary 
cerebellar  ataxia,  VOR  gain  in  darkness  increased  nearly  to  1.0,  and  VOR  gain 
with  eyes  fixed  also  was  increased.6  Since  great  differences  exist  between  reports 
of  values  of  VOR  gain,  it  remains  unclear  whether  these  differences  are 
attributable  solely  to  the  involvement  of  the  vestibulocerebellum. 

The  present  experiment  in  patients  with  cerebellar  lesions  did  not  support  the 
results  obtained  from  cats,  but  did  support  those  from  experiments  with  cerebel- 
lectomized  monkeys,  which  revealed  little  or  no  change  of  VOR  gain  on  the  basis 
of  qualitative  observations.511 

In  patients  with  upper-brain-stem  lesions,  on  the  contrary,  VOR  gain 
increased  dramatically  (Figure  2,  left,  B  column).  Effects  of  visual  fixation  on 
nystagmus  also  were  reduced  (Figure  4 C).  In  this  patient,  however,  the  smooth- 
pursuit  system  was  well  preserved.  This  patient  showed  a  typical  pretectal 
syndrome,  but  no  other  symptoms.  Zee  et  of.  reported  that  an  increased  VOR  gain 
could  be  interpreted  as  a  compensatory  response  to  a  pursuit-system  defect.6  In 
fact,  degrees  of  inability  to  suppress  caloric  nystagmus  were  well  correlated  with 
such  oculomotor  dysfunctions  as  smooth- pursuit  failure,  gaze-holding  failure, 
and  impaired  optokinetic  nystagmus.12  As  seen  in  this  patient  as  well  as  several 
others,  the  ability  to  modulate  VOR  gain  did  not  depend  solely  on  the  pursuit 
system.15 

The  major  point  of  interest  to  be  discussed  is  that  VOR  gain  increased 
remarkably  in  group  B,  but  slightly  in  group  A  (Figure  2,  left,  A  and  B  columns). 
The  underlying  neuronal  mechanisms  are  not  yet  clear,  but  some  explanations 
seem  possible.  It  is  suggested  that  the  flocculus  has  a  function  to  adjust  VOR  gain 
by  referring  information  about  eye  movements  obtained  through  the  visual 
pathways.1  If  the  visual  pathways  were  disrupted  in  the  brain  stem,  VOR  gain 
could  not  be  increased  to  1.0  in  the  light;  but  in  fact  some  functions  would  work  to 
compensate  for  insufficient  VOR  gain.  The  flocculus  presumably  may  exert  this 
compensatory  function.  This  idea  is  based  on  the  following  studies. 

Gonshor  and  Melvill  Jones  and  Gauthier  and  Robinson  showed  that  subjects 
wearing  a  reversing  prism  or  magnifying  glasses  could  compensate  for  the  retinal 
image  slip  by  decrease  or  increase  of  VOR  gain  respectively.2,14  This  modification 
was  abolished  completely  with  total  flocculectomy  in  cats.*  These  experimental 
data  strongly  support  the  view  that  the  flocculus  plays  an  essential  role  in  the 
modification  of  VOR  gain. 

It  therefore  follows  that  if  the  visual  pathway  were  damaged  in  the  brain 
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stem,  VOR  gain  would  increase  to  1.0  by  means  of  some  compensatory  mecha¬ 
nism  executed  by  the  flocculus,  while  if  the  flocculus  were  damaged,  the 
modification  of  VOR  gain  as  a  compensatory  response  would  not  be  executed 
and  VOR  gain  probably  could  not  be  increased.  Another  hypothesis  assumes  that 
some  other  structure  within  other  parts  of  the  brain  also  might  monitor  and 
modify  VOR  gain,  based  on  the  idea  that  the  known  examples  of  visual- 
vestibular  interaction  in  the  cerebellum  only  are  fragments  of  the  puzzle.'19  In 
group  C,  patients  with  pontine  and/or  cerebellar  lesions,  the  VOR  gain  in 
darkness  was  reduced  markedly  and  this  decrease  was  significant  in  comparison 
with  normal  subjects  (Figure  2,  left,  C  column;  Figure  6A).  In  these  patients, 
perrotatory  nystagmus  and  caloric  nystagmus  were  not  elicited  in  the  dark,  but 
characteristically  were  enhanced  during  the  period  with  eyes  fixed  (Figure  6C). 

A  meticulous  microscopic  survey  has  not  been  performed  yet  in  the  patient 
represented  in  Figure  6.  Gross  pathology,  however,  revealed  an  unusual  brown- 
colored  plaque  almost  in  the  center  of  the  pons,  corresponding  to  the  site  of  the 
original  PPRF,  while  the  flocculus  and  the  area  of  the  vestibular  nuclei  appar¬ 
ently  were  spared.  These  pathological  findings  might  be  a  clue  to  the  EOG 
findings  for  group  C.  This  is  a  matter  to  be  investigated  in  the  future.  As  shown  in 
the  left  illustration  of  Ficure  2,  patients  with  CNS  disorders  can  be  classified  into 
three  groups.  Hence,  measurement  of  VOR  gain  in  combination  with  effects  of 
visual  fixation  on  perrotatory  nystagmus  may  provide  a  valid  indication  of  some 
lesions  in  the  central  nervous  system. 
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Introduction 

Visual  illusions  and  vertigo  are  common  symptoms  in  patients  with  brain¬ 
stem  disorders.1  Although  many  patients  with  brain-stem  disorders  do  not  have 
the  above-described  symptoms,  an  analysis  of  visually  or  vestibularly  evoked  eye 
movements  may  provide  important  information.2-* 

There  is  experimental  and  clinical  evidence  that  the  immediate  supranuclear 
center  for  upward  gaze  is  located  in  the  pretectum  while  the  corresponding 
center  for  downward  gaze  is  located  more  ventrally  in  the  mesencephalic 
tegmentum.5"7  This  suggests  two  separate  areas  for  upward  and  downward  gaze. 

The  corresponding  centers  for  horizontal  eye  movements  are  located  in  the 
pons,  in  the  paramedian  pontine  reticular  formation  (PPRF).  Units  for  rapid  eye 
movements  are  located  in  the  rostral  parts,  while  units  for  slow  eye  movements 
are  located  more  caudally.5'10  These  findings  suggest  separate  mechanisms  for 
rapid  and  slow  eye  movements. 

In  a  previous  study  in  patients  with  brain-stem  lesions  we  found  that  saccades 
and  smooth  pursuit  generally  are  more  vulnerable  than  the  quick  and  slow 
phases  of  nystagmus.*  The  above-described  observations  suggest  separate  mech¬ 
anisms  for  voluntary  eye  movements  and  nystagmus. 

Hence  it  can  be  expected  that  patients  with  disorders  at  different  sites  in  the 
brain  stem  may  present  various  patterns  in  their  eye-movement  disturbances. 

The  purpose  of  this  paper  is  to  find  out  how  lesions  at  different  levels  in  the 
brain  stem  affect  eye-velocity  programming. 


Material 

Thirty  patients  with  lesions  in  the  brain  stem  were  referred  to  us  by  the 
Department  of  Neurology  for  electro-oculographical  analysis.  In  the  workup 
were  included  otoneurological  and  neuro-ophthalmological  examination  and 
axial  computerized  tomography.  Mean  age  of  the  patients  was  63  years  (range, 
17-81).  The  duration  of  the  symptoms  averaged  13  months  with  a  wide  range  of  1 
week  to  12  years. 

Twenty  normal  subjects  with  no  history  of  vestibular  or  central  nervous 
disease  were  used  as  controls.  No  drugs  were  allowed  before  the  testing.  Mean 
age  of  the  controls  was  48  years  (range,  23-72). 

In  order  to  interpret  the  results,  the  patients  were  divided  into  three  different 
groups  according  to  the  clinical  findings,  indicating  at  which  level  of  the  brain 
stem  the  lesions  were  located.  (1)  Five  patients  with  progressive  supranuclear 
palsy  (PSP) — a  degenerative  disease  with  maximum  pathological  abnormality  in 
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the  rostral  parts  of  the  brain  stem.  This  group  consisted  of  patients  at  different 
stages  of  the  disease.  (2)  Fifteen  patients  with  pontine  disorders.  This  group 
consisted  of  11  cases  with  infarctions,  3  cases  with  tumors,  and  1  case  with 
encephalitis.  (3)  Ten  patients  with  lesions  in  the  medulla  oblongata.  Eight  of  these 
cases  had  infarctions  in  the  lateral  medullary  area,  and  2  had  medullary 
infarctions. 


Test  Procedure 

The  testing  procedures  were  similar  to  those  reported  in  earlier  studies.4-1112 

The  subjects  were  placed  in  a  chair  with  occipital  support  for  head  stabiliza¬ 
tion.  The  eye  movements  were  recorded  by  direct-current  (d.c.)  electro-oculogra¬ 
phy  in  a  manner  previously  described  for  this  laboratory.11,12  To  avoid  errors  due 
to  filter  effects,  an  analysis  was  made  of  the  influence  of  different  filters  on  the 
velocity  patterns  of  different  eye  movements  before  the  selection  of  the  low-pass 
filter  of  15  Hz  was  made.11  Calibrations  were  checked  twice,  once  before  and 
once  in  the  middle  of  the  test. 

Our  interest  was  directed  toward  the  velocity  patterns  of  eye  movements  and, 
to  a  lesser  degree,  the  accuracy  of  voluntary  saccades  and  the  number  of 
superimposed  saccades  in  the  smooth  pursuit. 

The  following  eye  movements  were  analyzed: 

Smooth  pursuit  was  induced  by  telling  the  patient  to  watch  a  light  spot,  30  mm 
in  diameter,  projected  on  a  screen  160  cm  in  front  of  the  subject.  The  target  was 
driven  in  predictable  ramps  of  60°  amplitude  at  six  different  target  velocities 
from  10°  to  60°. 

Voluntary  saccades  were  induced  by  asking  the  patients  to  make  rapid 
refixations  between  two  targets,  5°,  10°,  20°,  40°,  and  60°  apart. 

Rotatory  responses  were  produced  by  rotating  the  subjects  in  a  revolving 
chair  at  a  rate  of  120°  for  60  seconds,  following  which  the  chair  was  decelerated 
within  1  second.  The  nystagmus  was  recorded  in  darkness. 

Optokinetic  responses  [OKN]  were  induced  by  rotating  a  striped  cylinder 
around  the  subjects  with  a  speed  of  90°/second. 

Optovestibular  responses  were  produced  by  rotating  the  patient  as  in  the 
rotation  test  but  now  inside  the  striped  cylinder  with  open  eyes  in  light. 


Results 
Smooth  Pursuit 

All  patients  but  two  showed  severe  impairments  in  the  maximum  velocities  of 
the  smooth  pursuit.  In  Figure  1  is  depicted  the  mean  of  the  maximum  smooth- 
pursuit  velocities  in  the  three  groups  of  patients.  There  was  no  significant 
difference  between  the  pontine  and  the  medullary  group.  The  PSP  group, 
however,  had  significantly  slower  smooth  pursuit  than  did  the  pontine  and 
medullary  patients  (p  <  0.05,  Student’s  t-test). 

A  reduced  velocity  in  smooth  pursuit  frequently,  but  not  always,  was  accom¬ 
panied  by  an  increased  number  of  superimposed  saccades.  An  increased  number 
of  superimposed  saccades  (above  mean  +  2  standard  deviation  in  normal 
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subjects)  were  found  in  all  the  patients  with  PSP,  in  9  of  the  15  patients  with 
pontine  lesions,  and  in  8  of  the  10  patients  in  the  medullary  group. 


Voluntary  Saccades 

All  patients  with  PSP  and  pontine  disorders  had  a  significantly  reduced 
velocity  in  the  voluntary  saccades  (below  mean  —  2  SD  in  normal  subjects).  In  the 
medullary  group,  however,  this  was  found  in  6  of  the  10  patients.  Figure  2  shows 
the  mean  values  of  the  saccadic  velocity  at  different  amplitudes  in  the  three 
groups  of  patients.  There  were  significant  differences  in  the  velocities  between 


Figure  1.  Curves  of  maximum  velocity  gain  in  smooth  pursuit  of  20  normal  subjects  and 
of  three  groups  of  patients  at  different  target  velocities.  The  mean  values  with  spreads  (1 
SD)  of  each  group  and  at  each  velocity  of  the  target  are  depicted. 


the  groups  and  also  between  each  of  the  different  groups  and  the  normals 
(p  <  0.05). 

The  accuracy  of  voluntary  saccades,  expressed  as  the  amplitude  of  the  initial 
saccade,  was  impaired  significantly  in  all  patients  with  PSP,  in  10  of  the  15 
patients  with  pontine  lesions,  and  in  3  of  the  10  patients  with  medullary  lesions. 


Nystagmus  Responses  in  the  Rotation  Test 

The  fast-phase  velocity  was  reduced  significantly  in  1  patient  of  the  4  PSP 
patients  tested,  in  7  of  the  15  patients  with  pontine  disorders,  but  in  only  1  of  the 
10  medullary  patients  tested.  One  patient  with  a  medullary  lesion  even  had  a 
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Figure  2.  Peak  velocity-amplitude  relationship  of  voluntary  saccades  in  three  groups  of 
patients  and  in  normal  subjects.  The  mean  values  in  each  group  at  different  amplitudes 
with  1  SD  are  depicted. 


significantly  increased  velocity.  In  Figure  3  is  depicted  the  mean  of  the  fast- 
phase  velocities  in  patients  and  normal  subjects.  The  means  of  the  fast-phase 
velocities  in  medullary  patients  at  amplitudes  of  30°  and  40°  were  increased 
significantly  compared  to  normal  subjects  (p  <  0.05). 


Figure  3.  Velocity  patterns  of  fast  phases  of  nystagmus  in  the  rotatory  test  in  normal 
subjects  and  the  three  groups  of  patients.  Mean  and  spreads  as  in  Figure  2. 
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Figure  4.  Maximum  slow-phase  velocities  in  the  three  groups  of  ients  are  compared 
with  the  mean  of  the  maximum  slow-phase  velocities  in  20  normal  subjects.  Each  patient  is 
represented  individually.  Dashed  lines  indicate  2  SD  above  and  below  the  mean  values  in 
normal  subjects.  N:  mean  values  in  20  normal  subjects.  PSP:  patients  with  progressive 
supranuclear  palsy.  P:  patients  with  pontine  disorders.  M:  patients  with  medullary  and 
lateral  medullary  disorders. 


Figure  5.  Velocity  patterns  of  the  fast  phases  of  OKN  in  normal  subjects  and  in  patients. 
Means  and  spreads  as  in  Figure  2. 
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The  maximum  velocity  in  the  slow  component  was  reduced  significantly  in  3 
of  the  5  PSP  patients,  in  6  of  the  15  patients  with  pontine  lesions,  and  in  2  of  the  10 
patients  with  medullary  lesions  (Figure  4). 


Nystagmus  Responses  in  the  Optokinetic  Test 

The  velocity  of  the  fast  component  was  reduced  significantly  in  1  of  the  5 
patients  in  the  PSP  group  and  in  2  of  the  15  patients  with  pontine  disorders,  but 
was  normal  in  all  medullary  patients  except  3,  who  even  had  significantly 
increased  velocities.  In  Figure  5  is  shown  the  mean  of  the  velocities  of  the  fast 
component  in  patients  and  normal  subjects.  The  medullary  group  had  signifi¬ 
cantly  increased  velocities  compared  to  normal  subjects  (p  <  0.01),  while  the  PSP 
group  had  significantly  reduced  velocities  (p  <  0.05). 
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Figure  6.  Maximum  slow-phase  velocities  in  the  OKN  test.  Abbreviations  as  in  Figure 

4. 


The  maximum  slow-phase  velocity  was  reduced  in  all  PSP  patients,  in  10  of 
the  15  patients  with  pontine  lesions,  and  in  2  of  the  10  patients  with  medullary 
lesions  (Figure  6). 


Nystagmus  Responses  in  the  Optovestibular  Test 

The  velocity  of  the  fast  component  was  reduced  significantly  in  3  of  the  4 
patients  with  PSP,  in  8  of  the  12  (3  were  not  tested)  patients  with  pontine  lesions, 
and  in  2  of  the  9  patients  with  medullary  lesions.  In  Figure  7  is  depicted  the 
mean  of  the  fast-phase  velocities  in  patients  and  normal  subjects.  All  groups 
except  the  medullary  group  differ  significantly  from  normal  subjects  (p  <  0.001). 

Tlie  slow-phase  velocity  was  below  the  normal  in  4  out  of  4  (1  was  not  tested) 
patients  with  PSP,  in  9  out  of  12  patients  with  pontine  lesions,  and  in  3  out  of  9 
patients  with  medullary  lesions  (Figure  8). 
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Figure  7.  Velocity  patterns  of  the  fast  phases  in  the  optovestibular  test.  Means  and 
spreads  as  in  Figure  2. 


Discussion 

The  electro-oculographic  findings  described  in  the  present  series  of  30 
patients  with  brain-stem  lesions  have  confirmed  the  results  of  previous  studies 
and  have  added  to  our  knowledge  of  the  characteristics  of  lesions  at  different 
sites  in  the  brain  stem.2'4 


M  *  2SD 


M-2SD 


Figure  8.  Maximum  slow-phase  velocities  in  the  optovestibular  test.  Abbreviations  as  in 
Figure  4. 
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The  maximum  smooth-pursuit  velocity  was  reduced  uniformly  in  all  cases  but 
two,  independent  of  the  site  of  the  lesion.  Defective  smooth  pursuit  in  cases  with 
lateral  medullary  lesions,  as  we  have  shown  in  the  present  paper,  had  been 
reported  earlier  by  Hfimsten,  Kommerell  and  Hoyt,  and  Pyykkb  and  Wenn- 
mo.M  It  is,  however,  not  immediately  obvious  why  patients  with  infarctions  in 
the  medulla  should  have  disturbances  of  smooth  pursuit,  since  the  site  of  the 
lesion  in  many  of  our  cases  might  be  below  the  level  of  the  PPRF.  Nevertheless 
experiments  on  rabbits  may  be  of  relevance  to  the  present  findings  because  they 
support  the  assumption  that  afferent  cerebellar  visual  fibers  via  the  inferior  olive 
are  of  importance  in  performing  smooth  pursuit.1®  Hence  it  is  reasonable  to 
assume  that  malfunctioning  of  these  fibers  may  be  a  contributory  factor  to  the 
abnormal  smooth  pursuit  in  cases  of  medullary  lesions. 

All  cases  with  lesions  in  the  rostral  and  intermediate  parts  of  the  brain  stem 
had  reduced  velocities  of  voluntary  saccades,  while  patients  with  lesions  in  the 
medulla  frequently  had  normal  saccadic  velocities.  Our  findings  are  consistent 
with  the  notion  that  rapid  eye  movements,  such  as  voluntary  saccades,  are 
integrated  more  rostrally  in  the  brain  stem  than  are  slow  eye  movements.®-10  Our 
results,  however,  somewhat  contradict  the  results  of  Baker  et  al„  who  found  units 
in  the  medulla  with  activity  correlated  not  only  to  eye  position  but  also  to 
saccadic  velocity.17 

Both  components  in  any  type  of  nystagmus  were  preserved  more  frequently 
than  were  the  voluntary  saccades  and  the  smooth  pursuit,  as  pointed  out  in  a 
previous  study.4 

Among  the  various  types  of  nystagmus  studied,  the  optovestibular  type  most 
frequently  was  liable  to  functional  decline,  possibly  because  of  the  need  for  two 
different  sources  of  impulses. 

The  findings  of  preserved  optokinetic  slow  phases  in  medullary  and  lateral 
medullary  lesions  in  contrast  to  highly  impaired  smooth  pursuit  indicate  that 
these  two  types  of  visually  induced  eye  movements  use  different  mechanisms.  In 
testing  OKN,  we  rotated  the  drum  at  a  rather  high  speed  (90°/second)  and  the 
patient  had  no  possibility  of  fixating.  Hence  it  was  mainly  the  reflexive  type  of 
OKN  that  was  tested.1’  Pathways  relaying  this  type  of  OKN  may  reach  directly 
the  phasic  units  in  the  rostral  parts  of  the  pons  from  subcortical  areas.1920  As 
patients  with  medullary  disorders  have  their  lesion  below  the  level  of  the  PPRF, 
this  neuronal  organization  can  explain  why  the  OKN  slow  phases  are  preserved 
more  commonly  in  medullary  lesions  than  in  pontine  disorders  and  in  patients 
with  progressive  supranuclear  palsy. 

In  contrast  to  the  optovestibular  nystagmus,  where  both  components  were 
disturbed  to  about  the  same  extent,  the  slow-phase  velocity  in  OKN  was  reduced 
much  more  often  than  was  the  fast-phase  velocity.  This  preservation  and  even 
enhancement  of  the  fast-phase  velocity  in  OKN  as  well  as  in  postrotatory 
nystagmus,  particularly  in  medullary  lesions,  may  be  due  to  the  interruption  of 
the  cerebellar  control  of  the  PPRF,  where  all  fast  phases  are  supposed  to  be 
triggered.'0^1  This  is  in  agreement  with  earlier  observations  of  enhancement  of 
the  fast-phase  velocity  in  patients  with  cerebellar  lesions.1® 

Our  findings  indicate  that  an  analysis  of  eye-movement  velocities  may 
provide  important  information  on  the  localization  of  a  brain-stem  disorder.  As 
computerized  axial  tomography  of  lesions  in  the  posterior  fossa  has  a  high 
incidence  of  false-negative  answers,  the  results  of  this  type  of  electro-oculo- 
graphical  analysis  may  supplement  radiological  diagnosis  of  lesions  in  this  area. 
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The  relation  between  the  site  of  a  lesion  and  the  preservation  of  some  eye 
movements  and  disturbance  of  others  also  may  be  used  for  completing  our 
understanding  of  normal  eye  motor  processing. 


Summary 

Eye  movements  in  30  patients  with  brain-stem  lesions  were  evaluated  with 
electro-oculography,  and  the  findings  were  analyzed  with  regard  to  the  site  of  the 
lesion  in  the  brain  stem.  Eye  velocities  generally  were  reduced  more  severely  in 
pontine  than  in  medullary  lesions.  In  medullary  lesions,  there  even  was  a  slight 
enhancement  of  the  velocities  in  the  fast  component  of  optokinetic  and  postrota¬ 
tory  nystagmus.  In  contrast  to  the  slow-phase  velocity  of  OKN,  which  often  was 
preserved  in  medullary  lesions,  the  smooth-pursuit  velocity  was  reduced  in 
lesions  at  all  levels  in  the  brain  stem.  This  indicates  that  these  two  types  of 
visually  induced  eye  movements  use  different  mechanisms. 
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Introduction 

The  dramatic  behavioral  manifestations  of  acute  unilateral  vestibular  sensory 
loss  have  been  described  by  a  number  of  authors  both  in  animals  and  humans.1-* 
In  humans  the  early  clinical  findings  are  severe  disorientation  and  postural 
disturbance,  nausea  and  vomiting,  marked  spontaneous  nystagmus  with  the  fast 
phase  toward  the  healthy  side,  and  reduced  ipsilateral  caloric  response.  Most  of 
these  symptoms  subside  markedly  in  a  few  days  or  weeks,  but  the  spontaneous 
nystagmus  persists  longer,  occasionally  changing  direction  after  a  substantial 
period  of  time.4  Residual  disorientation  after  rapid  head  movements  also  may 
persist,  sometimes  for  years. 

Since  the  turn  of  the  century,’  attempts  have  been  made  to  explain  the 
compensation  process  after  unilateral  vestibular  loss,  using  available  neuro¬ 
physiologic  data.  There  have  been  suggestions  from  clinicians  that  the  degree  of 
compensation  was  correlated  best  with  the  postural  improvement,  with  the 
decrease  in  intensity  of  the  spontaneous  nystagmus,  or  with  the  rotational  or  the 
caloric  response  of  the  nonaffected  site.’  *-7 

Neurophysiologic  data  from  experimental  animals  submitted  to  a  unilateral 
labyrinthectomy  made  clear  that  a  vestibular  sensory  rearrangement  proximal  to 
the  first-order  neuron  takes  place  during  the  compensation  process.®1®  In  cats 
immediately  after  a  unilateral  ablation  of  the  labyrinth,  the  resting  discharge  of 
the  secondary  vestibular  neurons  is  shut  off  on  both  the  operated  and  the  healthy 
side.  Interestingly,  cerebellectomy  releases  the  shutdown  of  the  resting  discharge 
of  the  healthy  side  but  has  no  effect  on  the  resting  discharge  of  the  operated  side. 
The  latter  discharge  reappears  in  a  few  days,  regardless  of  the  presence  or 
absence  of  the  cerebellum,  and  reaches  almost  normal  levels  in  about  one  month 
after  the  labyrinthectomy.1®1"  Following  unilateral  labyrinthectomy  in  frogs, 
there  is  a  gradual  increase  in  the  efficacy  of  excitatory  commissural  inputs  to 
ipsilateral  central  vestibular  neurons  and  of  their  inhibitory  cerebellar  and 
brain-stem  inputs.11,1’ 

It  is  possible  therefore  that  the  compensation  process  after  unilateral  labyrin- 
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thectomy  is  due  mainly  to  a  rearrangement  of  excitatory  and  inhibitory  signals  at 
the  level  of  the  secondary  vestibular  neurons.  At  this  point,  the  contribution  of 
the  cerebellum  is  not  understood  completely;  "rebalancing”  of  the  vestibulo- 
ocular  reflex  (VOR)  occurs  regardless  of  whether  the  cerebellum  has  been 
ablated  previously  or  not.14  Other  sensory  modalities  also  play  a  role  in  this 
process,  but  the  neurophysiologic  mechanism  is  not  well  defined  either.151® 
Recently,  rotational  tests  have  been  used  to  measure  the  degree  of  compensation 
in  unilateral  vestibular  loss  in  humans  and  experimental  animals.17'19 

The  clinical  paradigms  suitable  for  the  study  of  the  brain-stem  compensation 
process  after  unilateral  loss  of  vestibular  function  are  rather  limited  in  number. 
Obviously  Meniere’s  disease  with  its  recurrent  attacks  and  fluctuating  vestibular 
function  does  not  allow  any  compensation  process  to  progress  smoothly.  If  the 
compensation  process  is  studied  in  patients  after  unilateral  labyrinthectomy  or 
vestibular  nerve  section,  it  may  be  argued  that  compensation  already  has  taken 
place,  at  least  in  part,  before  the  operation,  as  these  operations  are  performed  for 
recurrent  vestibular  problems.  Finally  one  is  left  with  groups  of  patients  who 
suddenly  lose  their  vestibular  function  on  one  side  from  causes  such  as  vascular 
accidents,  head  injuries,  infections,  etc.  There  are  three  main  disadvantages  in 
studying  the  compensation  process  in  these  groups.  First,  there  usually  are  no 
objective  data  prior  to  onset  of  the  disease.  Second,  the  loss  of  unilateral 
vestibular  function  frequently  is  partial.  Third,  there  exists  the  possibility  of 
partial  recovery  of  primary  neuron  function,  masking  the  effects  of  central 
compensation  processes.  These  disadvantages  appear  to  be  less  severe  than  those 
inherent  in  Meniere’s  disease  or  postlabyrinthectomy  patients.  We  therefore 
have  chosen  to  examine  a  particular  set  of  patients  from  this  group,  namely,  those 
with  vestibular  neuronitis.  This  disorder  is  characterized  by  an  acute  onset  of 
vertigo,  with  all  the  manifestations  of  unilateral  vestibular  loss,  which  frequently 
is  compensated  after  a  long  period  of  time.  It  is  thought  to  be  a  viral  infection 
affecting  the  neurons  of  Scarpa’s  ganglion.20"22 

Eleven  patients  with  typical  manifestations  of  this  disease  were  tested  repeat¬ 
edly  by  caloric  and/or  sinusoidal  stimuli  during  a  period  of  time  varying  from  a 
few  months  to  four  years  from  onset  of  the  disease.  The  results  are  presented  and 
discussed  in  this  paper. 


Methods  and  Cases 

Eleven  patients,  eight  men  and  three  women,  aged  36  to  65  and  without 
previous  history  of  vertigo,  were  included  in  this  study.  They  all  presented  with  a 
typical  history  of  unilateral  vestibular  loss  without  concomitant  symptoms.  They 
all  were  examined  by  one  of  us  (A.K.),  six  of  them  a  few  days  after  and  the 
remaining  five  a  few  months  after  the  onset  of  the  disease.  They  all  had  a 
neurologic  evaluation  that  showed  no  abnormalities  other  than  those  related  to 
unilateral  vestibular  loss.  They  all  had  audiograms  that  showed  either  normal 
hearing  or  mild  bilateral  sensorineural  loss,  which  was  interpreted  as  presby¬ 
cusis.  Eight  were  in  good  health  otherwise;  three  had  unrelated  medical 
problems.  All  patients  who  were  seen  early  in  their  disease  came  either  by 
wheelchair  or  helped  by  relatives  for  the  initial  examination.  They  all  improved 
subsequently.  All  patients  reported  in  three  months  to  one  year  either  that  they 
felt  perfectly  back  to  normal  or  that  they  experienced  mild  lightheadedness 
when  they  were  tired  or  when  they  turned  the  head  fast,  especially  toward  the 
affected  side. 
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Spontaneous  and  positional  nystagmus  and  the  responses  to  bithermal  caloric 
stimuli  were  recorded,  with  eyes  closed,  at  irregular  intervals  using  a.c.  electro- 
oculography  with  a  time  constant  of  three  seconds.  Details  have  been  published 
elsewhere.25  Patients  also  were  exposed  repeatedly  to  a  sinusoidal  stimulus  of  1/6 
Hz  and  a  peak  velocity  of  60°/second;  prior  to  each  rotation,  which  lasted  for  two 
minutes,  the  patients  were  tested  for  possible  spontaneous  nystagmus.  Eye 
movements  were  recorded  by  d.c.  electro-oculography,  head  fixed  to  the  chair 
and  eyes  open  behind  frosted  goggles  that  provided  an  illuminated  but  feature¬ 
less  visual  input.  Mental  alertness  was  maintained  by  an  interesting  discussion. 
No  patients  were  taking  any  centrally  acting  drugs  at  the  time  of  testing. 

All  rotational  test  results  were  analyzed  off-line  by  a  computer  program  that 
extracted  the  slow-phase  eye  velocity  of  the  response;  the  peak  amplitude  ratio 
(eye  velocity /head  velocity)  was  measured  for  each  cycle  of  the  response,  and  the 
average  peak  amplitude  ratio  was  computed  for  rotation  to  the  right  (PARR)  and 
to  the  left  (PARL).  The  peak  amplitude  preponderance  with  (CPAP)  and  without 
(PAP)  correction  for  spontaneous  nystagmus  was  computed  as  the  ratio  of  the 
difference  of  the  absolute  peak  amplitude  ratios  to  their  sum. 


Spontaneous  Nyeb 


Figure  1.  Spontaneous  nystagmus  velocity  (slow-phase  degrees/second  in  rotational  test 
position)  versus  time  since  onset  of  symptoms.  Positive  velocity  indicates  quick  phase 
toward  the  healthy  side.  Here  and  in  Figures  2,  3,  5,  and  6,  lines  connect  measurements 
(squares)  on  individual  patients;  measurements  within  the  first  month  are  plotted  at  zero. 
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Dlroct tonal  Prapondoranoo 
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Figure  2.  Directional  preponderance  ratio  of  bithermal  caloric  test  versus  time  since 
onset  of  symptoms.  Positive  ratio  indicates  preponderance  toward  healthy  side. 


Results 

Spontaneous  Nystagmus 

Initially  all  patients  showed  spontaneous  nystagmus  with  the  fast  phase 
toward  the  healthy  side.  The  velocity  of  this  nystagmus  decreased  with  time 
(Figure  1).  Three  patients  showed  no  spontaneous  nystagmus  44,  11,  and  5 
months  respectively  after  the  onset  of  their  disease.  Two  patients  showed  a 
direction  reversal  of  their  spontaneous  nystagmus  in  the  caloric  test  position  at  15 
and  8  months  after  disease  onset.  The  remaining  six  patients  showed  low* 
amplitude  spontaneous  nystagmus  during  the  last  test,  the  longest  period  since 
disease  onset  being  18  months  for  one  of  the  patients, 


Directional  Preponderance  (Bithermal  Caloric) 

The  directional  preponderance  of  the  bithermal  caloric  response  decreased 
with  time,  following  the  same  trend  as  the  spontaneous  nystagmus  (Figure  2). 
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Labyrinthine  Preponderance 


Mon l he  el nee  oneet 

Figure  3.  Labyrinthine  preponderance  ratio  of  bithermal  caloric  test  versus  time  since 
onset  of  symptoms.  Positive  ratio  indicates  preponderance  toward  healthy  side. 


Figure  4.  Computed  siow-phase  eye  velocity  during  sinusoidal  rotation  at  1/6  Hz  in  a 
patient  with  vestibular  neuronitis,  tested  10  days  after  disease  onset. 
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Labyrinthine  Preponderance  fBithermai  Caloric) 

All  patients  initially  showed  weaker  bithermal  caloric  responses  on  the 
affected  side.  The  initial  labyrinthine  preponderance  varied  from  patient  to 
patient  between  77%  and  43%.  This  value  decreased  with  time  in  six  patients.  In 
four  of  these  six  patients,  all  four  caloric  responses  increased  with  time,  but  the 
responses  on  the  affected  side  increased  more  than  those  on  the  healthy  side.  In 
the  remaining  two  patients,  the  cold  caloric  responses  on  the  healthy  side 
remained  unchanged  with  time,  while  the  other  three  caloric  responses 
increased.  The  labyrinthine  preponderance  remained  unchanged  in  two  and 
increased  with  time  in  two  patients;  in  the  latter  two  cases,  there  was  an  increase 
of  caloric  responses  on  the  healthy  side,  while  the  responses  on  the  affected  side 
remained  unchanged  in  a  period  of  18  and  8  months  respectively.  One  patient 
was  tested  only  once  (Figure  3). 


Peak  Amplitude  Ratio  (Sinusoidal  Rotation) 

The  average  PAR  varied  from  patient  to  patient,  ranging  from  0.88  to  0.31  on 
the  healthy  side  and  from  0.82  to  0.17  on  the  affected  side.  In  seven  patients,  the 
PAR  was  measured  more  than  once.  In  six  out  of  these  seven  patients,  PAR 
values  on  the  affected  side  showed  a  clear  tendency  to  approach  the  values  of  the 
healthy  side  with  time.  In  one  patient,  first  tested  10  days  after  the  onset  of  the 
disease,  a  number  of  cycles  showed  a  "clipping”  of  the  eye  response  during 
rotation  toward  the  affected  side  (Figure  4).  Unfortunately  no  other  cases 
underwent  rotational  testing  less  than  10  days  from  disease  onset. 


Peak  Amplitude  Preponderance  (Sinusoidal  Rotation) 

PAP  generally  decreased  with  time  from  onset  of  symptoms,  showing  the 
same  general  trend  as  the  spontaneous  nystagmus  and  caloric  directional 
preponderance  (Figure  5).  However  when  PAP  was  computed  after  correction 
for  spontaneous  nystagmus  (Figure  6),  the  values  were  small  in  all  cases  and 
showed  no  significant  change  with  time.  A  scatter  diagram  of  (uncorrected)  PAP 
versus  labyrinthine  preponderance  (Figure  7,  left)  suggests  some  positive  corre¬ 
lation,  but  there  clearly  is  no  correlation  when  corrected  PAP  values  (CPAP)  are 
used  (Figure  7,  right). 


Discussion 

In  all  patients  there  was  a  progressive  decrease  in  spontaneous  nystagmus 
velocity  and  in  the  directional  preponderance  of  the  bithermal  caloric  response, 
and  the  peak  amplitude  preponderance  showed  the  same  trend.  Similar  observa¬ 
tions  have  been  reported  by  several  authors.7171*  However,  the  corrected  peak 
amplitude  preponderance  always  remains  close  to  zero,  showing  that  the  occur¬ 
rence  of  PAP  is  due  primarily  to  the  presence  of  spontaneous  nystagmus. 
Labyrinthine  preponderance,  on  the  other  hand,  appeared  to  be  quite  unrelated 
in  some  cases.  This  parameter  decreased  in  almost  half  of  our  cases,  coming  close 
to  zero  in  two  patients,  while  it  increased  or  remained  unchanged  in  the  rest  of 
the  patients.  Since  the  magnitude  of  the  labyrinthine  preponderance  presumably 
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is  related  closely  to  the  extent  of  damage  to  the  first-order  vestibular  neurons 
during  the  disease  process,  it  would  appear  that  this  process  was  reversible— 
totally  or  partially — in  some  cases  but  not  in  others.  The  fact  that  the  decreases  in 
spontaneous  nystagmus,  directional  preponderance,  and  PAP  occur  regardless  of 
the  trend  in  the  magnitude  of  labyrinthine  preponderance  suggests  that  these 
three  parameters  reflect  the  degree  of  static  and  dynamic  restoration  of  the 
central  vestibular  neuron,  while  the  magnitude  and  the  trend  of  labyrinthine 
preponderance  shows  the  extent  of  damage  and  restoration  of  the  primary 
vestibular  neuron  in  disease  processes  such  as  vestibular  neuronitis.  However, 


Peak  Aaplitud*  Preponderance 


Figure  5.  Peak  amplitude  preponderance  ratio  of  rotational  test  versus  time  since  onset 
of  symptoms.  Positive  ratio  indicates  higher  slovv-phase  velocity  during  rotation  toward  the 
healthy  side. 


the  increase  in  labyrinthine  preponderance  in  some  patients  might  be  inter¬ 
preted  as  a  reflection  of  central  compensation  also. 

Corrected  peak  amplitude  preponderance  was  close  to  zero  in  all  cases, 
regardless  of  the  magnitude  of  labyrinthine  preponderance.  Therefore  it  is 
possible  for  a  patient  with  vestibular  neuronitis  to  have  substantial  labyrinthine 
preponderance  of  the  bithermal  caloric  response  toward  the  healthy  side  but  to 
have  rotational  responses  that  are  symmetrical  after  correction  for  spontaneous 
nystagmus.  However,  presence  of  spontaneous  nystagmus  is  only  one  of  several 


Peak  Aapl  I  iuda  Prspondtranaa  Co*rr*cl*dJ 


Figure  6.  Corrected  peak  amplitude  preponderance  ratio  of  rotational  test  (corrected  for 
spontaneous  nystagmus)  versus  time  since  onset  of  symptoms.  Positive  ratio  indicates 
higher  slow-phase  velocity  during  rotation  toward  the  healthy  side. 


PAP  CPAP 


LP  LP 


Figure  7.  Raw  (PAP,  left)  and  corrected  (CPAP,  right)  peak  amplitude  preponderance 
versus  labyrinthine  preponderance  (LP).  Caloric  and  rotational  tests  were  performed 
within  one  week,  usually  the  same  day,  except  for  two  cases  in  which  tests  were  performed 
within  three  weeks.  Two  results  are  plotted  for  some  patients. 
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possible  causes  of  asymmetry  in  rotational  responses.  Another,  which  was  seen 
clearly  in  only  one  case,  is  "clipping”  or  flattening  of  the  sinusoidal  response  on 
one  side.  The  possibility  that  nonlinear  responses  of  this  kind  are  characteristic  of 
the  early,  relatively  uncompensated  stage  of  the  disorder  is  an  interesting  one, 
which  will  be  pursued.  At  present,  however,  it  can  be  concluded  that  there  is 
little,  if  any,  nonlinearity  of  rotational  response  in  cases  of  vestibular  neuronitis 
after  the  acute  stage.  This  finding,  if  confirmed,  may  be  useful  in  differential 
diagnosis  of  central  versus  peripheral  vestibular  lesions. 
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Introduction 

Reports  on  perisaccular  fibrosis,  reduced  visibility  of  the  vestibular  aqueduct 
(VA)  on  tomograms,  and  bony  obstruction  of  the  VA  in  occasional  cases  gave  us 
the  incentive  for  experimental  and  clinical  studies  of  the  temporal  bone  in 
patients  with  Meniere’s  disease.1'”  We  previously  have  described  several 
morphologic  characteristics,  and  as  a  result  of  new  findings,  both  the  medical  and 
surgical  treatments  of  this  disease  have  been  modified.11,12 

The  extent  of  the  problem  of  Meniere's  disease  is  reflected  by  the  incidence 
figures.13  In  Sweden,  the  yearly  incidence  has  been  calculated  as  1  case  in  a 
population  of  2,163.  This  gives  an  overall  incidence  of  46/100,000.  If  one  assumes 
that  the  incidence  of  Meniere's  disease  is  the  same  in  the  United  States 
population,  then  there  will  be  approximately  100,000  patients  per  year.  A 
conservative  estimate  of  the  prevalence  of  affected  persons  in  the  United  States 
is  about  two  million. 

The  present  study  was  undertaken  in  an  attempt  to  obtain  some  additional 
information  about  any  gross  morphologic  factors  that  could  predispose  to  the 
development  of  Meniere’s  disease  or  be  characteristic  of  this  disorder. 


Material 

The  material  comprised  50  healthy  individuals,  designated  the  control  group, 
and  63  patients  with  Meniere’s  disease.  Both  ears  were  examined  in  all  cases. 
The  mean  age  in  both  groups  was  46  years. 

The  control  group  included  no  patients,  but  was  made  up  of  members  of  the 
hospital  staff  and  persons  not  connected  with  the  hospital.  All  individuals  in  the 
control  group  underwent  otologic  examination,  including  pure-tone  audiometry. 
No  persons  with  symptoms  of  chronic  otitis  or  a  history  of  disease  of  the  inner  ear 
were  accepted  for  the  control  group. 

In  the  group  of  patients  with  Meniere’s  disease,  the  average  duration  of  the 
disease  was  9.7  years  (range  0.3-54.0  years).  In  29  patients  the  right  side  was 
affected;  in  27,  the  left  side  was  affected;  and  in  7,  the  disease  was  bilateral.  The 
patients  were  highly  select.  Most  of  them  represented  a  category  of  cases  in 
whom  the  vertigo  was  judged  to  be  intractable  to  medical  therapy.  For  this  reason 
they  were  referred  to  the  University  Hospital  in  Uppsala— a  center  in  Sweden 
specializing  in  treatment  of  Meniere’s  disease— for  special  care  and  a  decision 


•This  work  was  supported  by  the  Swedish  Medical  Research  Council  (Project  No.  3908). 
-(-Department  of  Diagnostic  Radiology. 

794 


0077-8923/81/0374-0794  $01.75/0©  1981,  NYAS 


Stahle  et  al.:  Temporal  Bone  Characteristics  795 

about  surgery.  Twenty-three  of  these  63  patients  were  operated  on  following  the 
examinations. 

Besides  the  findings  in  the  controls  and  patients,  some  information  from 
earlier  studies  on  58  temporal  bones  obtained  at  autopsy  will  be  included  in  this 
presentation. 


Methods 

Plain  radiography,  tomography,  microdissection,  plastic  molding,  and 
measurements  at  surgery  were  the  principal  methods  used. 


Radiography 

The  temporal  bones  in  both  patients  and  controls  were  examined  under 
standardized  conditions.  Plain  radiography  was  performed  on  an  Orbix  (Sie- 
mens-Elema)  apparatus,  with  use  of  the  Dulac  system  modified  by  RSdberg 
et  ai.M  Both  temporal  bones  were  reproduced  for  comparison  between  the  two 
sides  in  transorbital,  semiaxial,  and  axial  projections.  Every  individual  temporal 
bone  then  was  examined  on  highly  coned  radiographs  in  the  Stenvers  and  lateral 
(RunstrOm  II)  projections. 


Tomography 

Only  one  off-lateral  projection  for  tomographic  reproduction  of  the  VA  was 
used  in  this  study,  in  spite  of  our  previous  finding  that  complementary  position¬ 
ing  may  be  needed  in  some  cases  for  optimal  visualization  of  the  aqueduct’s 
entire  length.  The  applied  technique  was  judged  sufficiently  adequate  to  get  a 
clear  idea  of  the  relation  between  the  degree  of  periaqueductal  pneumatization 
and  visualization  of  the  aqueduct. 


Planimetry 

Planimetry  of  the  mastoid  air-cell  system  was  carried  out  on  films  of  each 
temporal  bone  in  the  Runstrfim  II  projection,  thus  adopting  the  method  used  by 
Diamant.15,14  The  middle  ear  space  was  not  included  in  the  area.  Because  of  the 
magnification  inherent  in  the  radiographic  reproducing  system,  the  planimetric 
values  from  measurements  on  the  films  were  reduced  to  natural  size. 


Plastic  Molding 

Macerated  temporal  bone  specimens  were  filled  with  a  mixture  of  unsatu¬ 
rated  polyesters  (Akemi)  through  the  internal  acoustic  meatus  and  the  oval  and 
round  windows.  A  cast  of  the  labyrinthine  hollow  and  adjacent  channels 
remained  after  breakdown  of  the  skeletal  parts  by  5  M  hydrochloric  acid.  The 
molds  (FIGURES  3,  4,  and  5)  allowed  three-dimensional  visualization  of  the 
topographic  relationship  of  the  VA  and  its  accessory  canal  to  the  vestibular 
labyrinth,  especially  the  posterior  semicircular  canal,  the  facial  canal,  the 
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Table  l 

Distribution  of  the  Three  Types  of  Periaqueductal  Pneumawatyi'v  <i*svF\'vr 


with  Tomography 

Type  of  Periaqueductal 
Pneumatization  (%) 

Total  VomNp: 

Material 

12  3 

of  Ear* 

Controls 

29.0  26.0  45.0 

100 

Meniere  Patients 

10.6  15.4  74.0 

123 

internal  acoustic  meatus,  the  jugular  fossa,  and  the  bony  plate  of  the  posterior 
face  of  the  pyramid. 


Observations  and  Comments 
Periaqueductal  Pneumatization 

With  tomography,  variations  in  periaqueductal  pneumatization  ires* 
observed.  Three  different  types  were  identified  (Figure  1):  type  1— large  oe— 
rich  pneumatization;  type  2— small  air  cells  and  sparse  pneumatization  or  boor 
marrow  spaces  (which  cannot  be  differentiated  from  each  other  with  tomogra¬ 
phy);  and  type  3— a  complete  absence  of  air  cells.  Types  1  and  2  were  mare 
common  in  the  control  group  than  among  Meniere  patients.  Type  3  dominated  xz 
the  Meniere  group  (Table  1). 


Table  2 

Distribution  of  Control  Group  (n  -  100  Ears)  and  Patients  with  Menierfs 
Disease  (n  -  125  Ears)  by  Type  of  Pneumatization  of  the  Petrous  Pyramid 


Controls 

Periaqueductal  Pneumatization 
Type 

12  3 

(n  -  29)  (n  -  26)  (n  -  45) 

Significance 

Pneumatization  medial  to 

yes 

27 

15 

14 

p  <  0.001 

the  arcuate  eminence 

no 

2 

11 

31 

Infralabyrinthine  pneumati- 

yes 

27 

17 

24 

p  <  0.001 

zation 

no 

2 

9 

21 

Periaqueductal  Pneumatization 

Type 

1 

2 

3 

Meniere  Patients 

(n  -  13) 

In  -  19) 

(n  -  93) 

Significance 

Pneumatization  medial  to 

yes 

13 

15 

32 

p  <  0.001 

the  arcuate  eminence 

no 

0 

4 

61 

Infralabyrinthine  pneumati- 

yes 

12 

18 

54 

p  c  0.001 

zation 

no 

1 

1 

39 

—  . 
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Structure  of  the  Petrous  Pyramid 

Reduced  periaqueductal  pneumatization  was  correlated  to  sparse  pneumati- 
zation  medial  to  the  arcuate  eminence,  as  well  as  below  the  labyrinth  (Table  2). 
In  cases  with  no  periaqueductal  pneumatization  (type  3),  air  cells  medial  to  the 


<Z> 


i  Figure  2.  Radiograph  of  a  right  temporal  bone  in  the  Stenvers  projection  (top)  with  a 

j  corresponding  drawing  (bottom)  for  orientation.  There  is  no  pneumatization  medial  to  the 

arcuate  eminence  (large  arrow).  MAC,  mastoid  air  cells;  SSCC,  superior  semicircular  canal; 
1  IAM,  internal  acoustic  meatus;  FC,  facial  canal;  COCHL,  cochlea;  CC,  carotid  canal. 
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Table  3 

Influence  of  Periaqueductal  Pneumatization  on  Some  Morphologic  Factors  in 
the  Temporal  Bone  (Control  Group,  n  -  100  Ears)* 


Periaqueductal  Pneumatization 


Type  1 
(n  -  29) 

Type  2 
(n  -  26) 

Type  3 
(n  -  45) 

Significance 

Total  length  of  vestibular 

M 

14.9 

13.0 

9.3 

p  <  0.01 

aqueduct  (mm) 

SD 

3.58 

2.13 

2.46 

Width  of  the  external 

M 

6.4 

4.8 

3.5 

p  <  0.01 

aperture  of  the  vestibu¬ 
lar  aqueduct  (mm) 

SD 

2.34 

1.52 

1.10 

Mastoid  air  cells  area 

M 

15.0 

11.3 

9.6 

p  <  0.01 

(cm2) 

SD 

4.10 

2.80 

2.87 

*Means  (M)  and  standard  deviations  (SD). 


arcuate  eminence  rarely  were  found,  nor  was  there  infralabyrinthine  pneumati¬ 
zation  (p  <  0.001).  A  typical  case  is  presented  in  Figure  2. 


Visibility  of  the  Vestibular  Aqueduct 

The  visibility  of  the  VA  in  its  entire  length  on  tomograms  appears  to  be 
influenced  by  the  degree  of  periaqueductal  pneumatization.  In  the  control  group, 
the  aqueduct  was  visible  in  81%  and  not  visible  in  19%.  In  Meniere  patients,  the 
corresponding  figures  were  73  and  27%,  respectively.  In  the  diseased  ears  alone 
in  the  Meniere  group  (n  -  69),  65%  of  the  aqueducts  were  visible  and  35%  were 
not  visible. 

In  all  29  controls  with  type  1  pneumatization,  the  VA  was  visible  in  its  entire 
length,  while  among  controls  with  type  3,  the  aqueduct  was  visible  in  only  35%  of 
the  ears.  In  the  ears  of  the  Meniere  patients,  74%  of  which  showed  type  3 
periaqueductal  pneumatization  (Table  1),  most  nonvisible  aqueducts  belonged  to 
the  type  3  category.  We  therefore  believe  that  nonvisibility  of  the  VA  on 
tomograms  in  Meniere  patients  does  not  necessarily  indicate  nonpatency  or 
aqueductal  stenosis.  Rather  it  may  reflect  a  structural  feature  of  the  temporal 
bone  that  is  observed  more  often  in  Meniere  patients.  When  noticed,  however, 
drainage  operations  upon  the  endolymphatic  sac  are  not  advised.17 

It  should  be  pointed  out  that  only  one  off-lateral  projection  for  tomographic 
reproduction  of  the  VA  was  used  in  this  study.  From  our  previous  investigations, 
it  is  clear  that  repositioning  to  other  tomographic  angles  increases  the  number  of 
fully  reproduced  aqueducts.5 


Vestibular  Aqueduct  and  Mastoid  Area 

Positive  correlation  was  found  between  the  mastoid  air-cell  area  and  the 
development  of  periaqueductal  pneumatization  (Table  3).  Those  ears  displaying 
a  well-developed  mastoid  air-cell  area  more  often  were  of  type  1  (large-cell,  rich 
periaqueductal  pneumatization).  In  addition,  the  mean  area  of  the  mastoid  air 
cells  in  Meniere  patients  was  smaller  than  in  controls  (Table  4).  This  confirms 
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Table  4 

Some  Morphologic  Characteristics  of  the  Temporal  Bone  as  Measured  on 
Tomographs  and  Radiographs 

Patients  with  Meniere's  Disease 
Nondiseased 

Control  Group  Gars  Diseased  Ears 
(n  -  100  Ears)  (n  -  55)  (n  -  69) 

Mean  SD  Mean  SD  Mean  SD 

Total  length  of  the  vestibular  aque¬ 
duct  (mm)  11.86  3.67  9.25  2.33  8.49  2.75 

Width  of  the  external  aperture  of  the 

vestibular  aqueduct  (mm)  4.69  2.08  4.19  1.30  3.56  1.75 

Area  of  mastoid  air  cells  (cm3)  11.59  3.95  8.22  3.74  7.93  4.08 


observations  made  by  Ganz  and  Eichel-Streiber,  but  is  contrary  to  recent  findings 
by  Oku  et 

The  importance  of  pneumatization  for  the  topographic  anatomy  of  the 
internal  ear  is  exemplified  in  Figures  3, 4,  and  5.  Large-cell,  rich  pneumatization 
(Figure  4)  is  associated  with  a  broad  operculum  and  a  long  VA  ending  with  a 


Figure  3.  Plastic  mold  of  a  left  human  internal  ear  seen  from  above.  The  vestibular 
aqueduct  (VA)  ends  in  a  fan-shaped  recess,  which  houses  the  endolymphatic  sac.  The 
paravesdbular  canaliculus  (PVC)  is  seen  distinctly.  The  star  indicates  part  of  the  facial 
canal.  )AM,  internal  acoustic  meatus;  VA  vestibular  aqueduct;  LSCC,  SSCC,  and  PSCC, 
lateral,  superior,  and  posterior  semicircular  canals;  REC,  recess  of  the  vestibular  aqueduct; 
CC,  carotid  canal;  UFK,  upper  facial  knee. 
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recesslike  widening  (Figure  3).  Absence  of  air  cells  around  the  aqueduct  (Figure 
5)  implies  a  small  operculum  and  a  short  and  narrow  aqueduct. 


The  Paravestibular  Canaliculus  (PVC) 

This  minute  structure— also  named  the  accessory  canal  of  the  VA20— 
regularly  can  be  found  at  microdissection.  It  runs  through  the  petrous  pyramid 


Figure  4.  Plastic  mold  of  a  left  human  internal  ear  seen  from  behind  in  the  pyramidal- 
axial  view.  This  is  an  example  of  type  1  periaqueductal  pneumatization.  The  distance 
between  the  vestibular  aqueduct  (VA)  and  the  posterior  cranial  fossa,  which  corresponds  to 
the  operculum  (O),  is  quite  long.  ELS,  endolymphatic  sac;  FC,  facial  canal;  RW,  round 
window;  OW,  oval  window.  For  other  abbreviations,  see  Figure  3. 


from  the  vestibule  to  the  posterior  cranial  fossa  in  close  proximity  to  the 
vestibular  aqueduct  (Figure  6).  It  houses  mainly  veins  representing  the  main 
venous  drainage  system  from  the  vestibule.21,22  Minute  arteries  branching  from 
the  labyrinthine  artery  and  the  posterior  meningeal  artery  have  been 
described.”2'24 

The  PVC  has  been  demonstrated  tomographically  in  10  out  of  35  ears  in  a 
series  of  healthy  subjects  and  in  10  out  of  86  ears  in  patients  with  long-standing 
Meniere’s  disease.' 
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Figure  5.  Plastic  mold  of  a  left  human  internal  ear  seen  from  behind  in  the  pyramidal- 
axial  view,  conforming  with  the  surgeon's  transmastoid  view.  This  is  an  example  of  type  3 
periaqueductal  pneumatization.  The  opercular  volume  (O)  is  quite  small  and  consistent 
with  the  absence  of  periaqueductal  air  cells.  The  VA  is  short  compared  with  the 
corresponding  aqueduct  in  Figure  4.  LFK,  lateral  facial  knee;  UFK,  upper  facial  knee;  CT, 
chorda  tympani;  JF,  jugular  fossa.  The  star  indicates  a  vascular  canal  passing  along  the 
vertical  portion  of  the  facial  canal.  For  other  abbreviations,  see  Figure  3. 


Besides  blood  vessels,  the  canaliculus  is  filled  with  loosely  textured  connec¬ 
tive  tissue  similar  to  that  typical  of  the  VA.  Numerous  minute  vascular  channels 
connect  the  PVC  with  the  VA.  Apart  from  its  drainage  functions,  it  is  postulated 
that  the  canaliculus  is  of  nutritional  importance  for  the  endolymphatic  duct  and 
the  proximal  portion  of  the  sac.  The  common  finding  of  concrete,  nonpneuma- 
tized  bone  around  the  VA  in  Meniere  patients  could  correspond  to  absence  or 
malformation  of  the  PVC. 


Position  of  the  Endolymphatic  Sac 

As  a  consequence  of  reduced  periaqueductal  pneumatization  in  Meniere 
patients,  the  greater  part  of  the  endolymphatic  sac  (ELS)  might  be  positioned 
outside  the  vestibular  aqueduct  on  the  posterior  slope  of  the  pyramid  (Figure  7). 
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Normally  the  proximal  part  of  the  sac,  containing  the  pars  rugosa,  lies  within  the 
aqueduct  enclosed  by  well-pneumatized  bone  and  loose,  highly  vascular  connec¬ 
tive  tissue.2  The  operculum  that  covers  the  peripheral  portion  of  the  VA  normally 
contains  air  cells  and  marrow  spaces.  Between  the  membranous  walls  of  the  duct 
and  sac,  on  the  one  hand,  and  the  bony  walls  of  the  aqueduct,  on  the  other, 
normally  there  are  well-developed  vascular  communications.25  Anastomoses 
between  periaqueductal  bone  marrow  sinusoids  and  perisaccular  vessels  also 
have  been  described.21 

In  addition  to  its  resorptive  function,  morphologic  characteristics  may  indi¬ 
cate  that  the  sac  plays  an  immunodefensive  role.  In  the  epithelium  in  the 
intermediate  part  of  the  sac,  morphologic  signs  influencing  the  incoming 
substances  are  present.  A  vigorous  interaction  between  lymphocytes  and  macro¬ 
phages,  similar  to  that  observed  in  antigen-activated  lymphoid  tissue,  may  be 
seen.25 

There  appears  to  be  some  evidence  that  the  size  of  the  VA  is  reduced  in 
patients  with  Meniere’s  disease.  In  consequence,  there  is  reason  to  believe  that 
the  ELS  also  will  be  diminished.  This  is  manifested  in  the  fact  that  the  external 
aperture  of  the  VA  is  smaller  in  Meniere  patients  than  in  normal  individuals. 
This  is  confirmed  by  the  finding  of  Egami  et  al.  of  hypoplasia  of  the  VA  and  ELS 
in  endolymphatic  hydrops.27  These  authors  concluded  that  the  changes  were  the 
result  of  a  congenital  hypoplasia,  since  no  evidence  of  acquired  bony  pathology 
was  found. 


Figure  6.  Plastic  mold  of  a  right  human  internal  ear.  Several  vascular  branches  of  the 
accessory  canal,  which  is  also  called  the  paravestibular  canaliculus  (PVC),  merge  in  a  main 
canal  whose  course  is  medial  to  the  vestibular  aqueduct.  The  cerebral  portion  of  the 
vestibular  aqueduct  ends  in  a  triangular  recess  (REC),  which  houses  the  endolymphatic  sac. 
FC,  facial  canal;  GG,  geniculate  ganglion. 


Type  1  TyPe 
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We  consider  that  owing  to  this  aberrant  position  and  smaller  size,  a  sac  that 
lies  mainly  outside  the  aqueduct  may  have  a  reduced  vascular  and  metabolic 
supply.  It  thus  may  be  presumed  to  be  far  more  vulnerable  functionally  than  a 
sac  situated  within  the  aqueduct  in  the  normal  way.  An  unprotected  sac  might 
constitute  the  Achilles’  heel  of  the  internal  ear.  If  the  position  and  the  size  of  the 
sac  are  decisive  in  some  way  for  maintenance  of  a  normal  function,  as  we  have 
suggested,  no  medicine  will  be  able  to  produce  a  change.  A  definite  cure  can 
never  be  expected  under  such  circumstances.  Medicines,  diets,  and  other 
regimes  can  affect  only  the  secondary  manifestations  of  an  irreversible  morpho¬ 
logic  abnormality.  Such  general  disorders  as  diabetes  mellitus,  hypothyroidism, 
hyperlipoproteinemia,  food  sensitivity,  and  different  forms  of  stress  might  give 
rise  to  the  extra  burden  on  the  internal  ear  leading  to  transformation  of  the 
endolymphatic  sac  from  a  state  of  only  just  balanced  function  to  one  of  intermit¬ 
tent  or  constant  resorptive  failure. 


Conclusions 

1.  The  temporal  bone  in  Meniere  patients  differs  in  several  respects  from  that 
in  normal  individuals. 

2.  Three  types  of  periaqueductal  pneumatization  have  been  defined  from 
tomograms:  type  1,  large  cells  and  rich  pneumatization;  type  2,  small  air  cells  and 
sparse  pneumatization;  and  type  3,  complete  absence  of  air  cells.  Type  1  is  seen 
mostly  in  normal  individuals,  and  type  3  predominates  in  Meniere  patients. 

3.  In  consequence  of  reduced  periaqueductal  pneumatization,  the  vestibular 
aqueduct  is  shorter  and  its  external  aperture  narrower  in  Meniere  patients  than 
in  normal  subjects.  The  mean  length  measured  on  tomograms  was  11.86  mm  in 
the  controls  and  8.49  mm  on  the  diseased  side  in  Meniere  patients. 

4.  The  mean  area  of  mastoidal  air  cells  in  the  control  group  was  11.59  cm2, 
which  corresponds  with  other  reports.  In  Meniere  patients  this  figure  was  7.93 
cm2. 

5.  Pneumatization  medial  to  the  arcuate  eminence  and  below  the  labyrinth 
rarely  is  seen  on  radiographs  in  Meniere  patients. 

6.  The  vestibular  aqueduct  was  visible  in  its  entire  length  in  81%  of  the  ears  of 
the  controls  and  in  65%  of  the  diseased  ears  in  patients  with  Meniere’s  disease. 
Repositioning  to  other  tomographic  angles  increases  the  number  of  fully  repro¬ 
duced  aqueducts.  Nonvisibility  thus  is  not  pathognomonic  for  Meniere’s  disease 
and  does  not  necessarily  correspond  to  nonpatency. 

7.  From  the  observed  skeletal  characteristics  of  the  petrous  pyramid  in 
Meniere  patients,  it  is  supposed  that  the  membranous  content  also  might  be 
afflicted.  The  reduced  size  of  the  endolymphatic  sac  and  its  presumed  aberrant 
position  might  indicate  hypoactivity.  This  could  interfere  with  its  probable 
resorptive  and  immunodefensive  functions. 


Summary 

The  petrous  portion  of  the  temporal  bone  in  patients  with  Meniere’s  disease 
differs  from  that  of  healthy  individuals  mainly  in  its  lack  of  periaqueductal 
pneumatization  and  its  consequently  short  and  narrow  vestibular  aqueduct. 
Diminished  pneumatization  may  have  an  impact  upon  the  tomographic  repro¬ 
ducibility  of  the  aqueduct.  A  total  lack  of  periaqueductal  pneumatization  is 
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prevalent  in  long-standing  Meniere’s  disease.  Tomography  may  serve  as  a  tool  by 
providing  a  basis  for  the  choice  of  surgical  procedure.  Roentgenologic  and 
histologic  studies  have  indicated  that  the  pars  rugosa  of  the  endolymphatic  sac  in 
normals  mainly  is  housed  inside  the  the  distal  part  of  the  vestibular  aqueduct.  In 
patients  with  Meniere’s  disease,  the  sac  might  be  located  outside  the  aqueduct 
and  therefore  deprived  of  the  functions  of  the  loose  and  highly  vascular  tissue 
normally  surrounding  it  within  the  aqueduct.  This  might  influence  the  total 
vascular  supply  of  the  sac,  thereby  interfering  with  its  resorptive  and  immunode- 
fensive  functions. 
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Introduction 

The  gravity  receptors  of  all  vertebrates  utilize  a  “test  mass”  consisting  of  a 
complex  arrangement  of  mineral  and  organic  substance  that  lies  over  the  sensory 
receptor  areas  (maculas).23  Carlstrom  has  shown  that  in  most  vertebrates,  the 
mineral  is  a  polymorph  of  calcium  carbonate  (vaterite,  aragonite,  calcite)  in  the 
form  of  minute,  single  crystals  called  otoconia  (“ear  dust”).2  The  otoconia  contain 
a  small  amount  of  organic  material  that  is  continuous  with  intervening  and 
underlying  organic  substance  of  the  otoconial  membrane,  the  organic  and 
inorganic  complements  being  referred  to  here  collectively  as  an  otoconial 
complex.  In  contrast,  in  certain  fishes,  a  solitary  otolith  (“ear  stone”)  occurs  or 
mixtures  of  otoliths  and  otoconia  are  present.2  The  Agnatha,  which  otherwise 
lack  mineralized  tissue,  have  otoconia  that,  surprisingly,  contain  calcium  phos¬ 
phate  (amorphous  apatite.  Reference  2). 

In  the  gravity  receptors  of  man  and  other  warm-blooded  animals,  only  calcite 
is  present  and  the  otoconia  have  a  basically  similar  morphology  regardless  of  the 
species  studied  (Figures  1-3).  They  exhibit  the  characteristic  threefold  symmetry 
of  calcite,  and  the  rhombohedron  is  the  basic  structural  unit.  Moreover,  the 
mammalian  otoconia  have  the  crystallographic  properties  of  single  crystals  of 
calcite  including  the  appropriate  Miller  indices  (1011)  (determined  for  human 
otoconia,  see  Reference  16).248  Thus,  the  otoconia  of  man  and  other  mammals 
take  their  shape  largely  from  the  mineral  they  contain  rather  than  from  their 
organic  fractions  (Figure  4),  even  though  both  materials  may  be  essential  to  their 
existence. 

It  is  unclear  why  individual  crystals  of  mineral  substance  occur  in  an 
overwhelming  number  of  vertebrate  inner  ears  when  other  mineral  deposits  in 
the  body  are  polycrystalline,  or  why  one  polymorph  of  calcium  carbonate  is  used 
preferentially  instead  of  another  in  particular  classes  of  animals.  From  a  chemi¬ 
cal  viewpoint,  however,  the  fact  that  calcium  ions  combine  with  anions  to  form  a 
mineral  deposit  in  all  normal  vertebrate  inner  ears  implies  that  phylogenetically 
there  was  a  need  to  store  calcium  against  periods  of  short  supply.  The  fact  that  a 
well-ordered  array  of  mineral  material  and  organic  substance  has  endured 
throughout  the  long  evolutionary  history  of  the  vertebrate  gravity  receptors 
demonstrates  that  perfection  of  function  was  approached  by  this  union.  Required 
ions  were  stored  in  their  ground-energy  state  (or  entatic  state)21  through  the 
participation  of  an  appropriate  “capture”  protein  material  (see  Reference  24). 
The  end  result  was  a  reservoir  of  ions  to  buffer  the  surrounding  fluid 
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(endolymph)  against  periods  of  calcium  ion  deficiency  and  against  shifts  in  pH 
while,  simultaneously,  providing  needed  mass  to  make  the  detection  of  the 
direction  of  gravitational  force  easier. 

This  viewpoint  of  otoconial  complexes  leads  naturally  to  the  question  of  the 
chemical  nature  of  the  organic  material  that  is  found  within  and  outside  of  the 
otoconial  crystals.  Organic  substance  appears  to  be  essential  to  calcite  seeding 
and  crystal  growth  of  otoconia  in  the  fetus  and  to  the  rapid  accumulation  of 
calcium  ions  observed  under  certain  in  vivo  and  in  vitro  experimental  condi- 
tions.12-M-17,M2  New  calcite  cannot  form  with  the  rapidity  encountered  in  these 
experiments  under  purely  inorganic  mechanisms  of  crystal  growth. 

Organic  substance  also  apparently  protects  otoconia  against  dissolution. 
Mathematical  calculations  of  coefficients  of  activities  of  the  ions  in  artificial 
endol\  rnph  (and  perilymph)  used  in  in  vitro  studies  have  demonstrated  that  pure 
calcite  would  have  dissolved  in  the  fluids,  but  otoconia  did  not.17  Little  is  known 
with  certainty  about  the  chemical  nature  of  the  organic  material  inside  and 
outside  otoconia  (the  material  at  the  two  sites  may  not  be  identical),  except  that  it 
is  PAS-positivef  and  that  it  is,  or  contains,  glycoprotein.25 

Detailed  chemical  analysis  of  the  organic  substance  would  appear  to  be  a 
formidable  task.  A  pair  of  saccular  complexes  of  the  rat  weighs  only  about  9.5  ng, 
and  a  pair  of  utricular  complexes  about  14.5  Mg.1*  As  much  of  this  mass  consists  of 
the  heavier  calcite,  it  would  seem  at  first  glance  that  the  amount  of  organic 
material  would  be  too  small  to  allow  meaningful  analyses,  even  through  heroic 
efforts  of  pooling  of  samples.  However,  new  and  extremely  sensitive  microana- 
lytical  methods  for  separating  proteins  out  of  mixtures  according  to  their  molecu¬ 
lar  weights  are  appearing  constantly  in  the  literature,  and  ever  more  exquisitely 
sensitive  amino  acid  analyzers  are  coming  on  the  market.  Thus,  analysis  of  at 
least  the  protein  constituents  of  otoconial  organic  substance  appears  possible. 

In  this  article  we  describe  some  of  the  results  of  our  efforts  to  determine  the 
number  of  proteins  in  otoconial  complexes  and  their  molecular  weights  using  a 
microdisc  gel  electrophoresis  method  presented  by  Gainer.9  Although  we  began 
this  research  by  pooling  60  complexes  per  sample,  we  have  learned  that  pooling 
of  only  4  to  10  complexes  is  necessary  for  a  single  analysis,  and  the  prospect  of 
analyzing  a  sample  consisting  of  only  one  pair  of  saccular  or  utricular  complexes 
is  bright.  The  work  is,  nevertheless,  complicated  in  that  several  technical 
modifications,  solubility  tests,  and  staining  procedures  should  be  employed 
before  results  can  be  considered  to  be  definitive  and  the  proteins  can  be  said  to 
be  well  characterized.  Early  indications  are,  however,  that  the  proteins  of 
saccular  and  of  utricular  complexes  are  identical  and  that  one  of  the  major 
proteins  has  a  relatively  low  molecular  weight,  -17,000  daltons.  This  is  within  the 
range  of  molecular  weights  of  other  known  calcium-binding  proteins,  such  as 
calmodulin  and  troponin-C.  The  exciting  possibility  exists  that  this  peptide  will 
prove  to  be  the  calcium-fixing  protein  in  otoconial  complexes. 

Material  and  Methods 

Sprague-Dawley  rats  were  used  throughout.  Except  for  initial  studies  in 
which  large  numbers  of  otoconial  complexes  were  pooled  (up  to  60)  from  discard 
rats  of  various  weights,  animals  250-325  g  have  been  used.  The  method  of  protein 
separation  we  have  employed  routinely  is  microdisc  gel  electrophoresis  and 

fPAS  is  periodic  acid-Schiff. 
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Figure  1.  Human  utricular  otoconia  have  a  configuration  typical  of  mammals  (compare 
with  Figures  2  and  3).  The  majority  of  the  otoconia  have  rounded  body  surfaces  and 
pointed  ends.  The  three  terminal  faces  are  typical  of  calcite  crystals  (see  Figure  4).  Organic 
material  is  present  in  the  otoconia  (not  seen)  and  is  continuous  with  organic  substance 
intervening  between  the  crystals  (arrows).  A  few  otoconia  in  the  rhombohedral  form  occur 
in  human  utricular  complexes  (arrowhead,  upper  right),  x  6,630. 


I  Figure  2.  Otoconia  typical  of  the  monkey  utricle  are  illustrated.  Compare  with  Figures 

|  1,3,  and  4.  x5, 100. 
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Figure  3.  Rat  saccular  otoconia  have  slightly  more  irregular  body  surfaces  than  do  either 
monkey  or  human  otoconia,  but  the  basic  configuration  is  the  same.  Crossed  otoconia  like 
the  one  near  the  center  of  the  electron  micrograph  are  found  in  other  species  and  may  be  a 
form  of  crystal  twinning,  x  2.550. 


Ficure  4.  Inorganic  calcite  sometimes  has  a  configuration  similar  to  that  of  otoconia,  as 
this  photomicrograph  demonstrates.  This  specimen  is  from  a  collection  at  the  Department 
of  Geology  and  Mineralogy,  University  of  Michigan,  origin  unknown.  x2.21. 
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Coomassie  blue  staining  of  the  gels  as  described  by  Gainer*  This  method  is 
capable  of  detecting  5  x  10"“  g  protein. 

Microdisseclion  and  Sample  Collection 

Animals  were  decapitated,  and  the  bullas  were  removed  quickly  to  small 
dishes  for  microdissection.  Initially,  microdissections  of  otoconial  complexes 
were  carried  out  in  distilled  water  (double  distilled,  deionized)  under  the 
assumption  that  the  organic  material  of  the  otoconial  membrane  most  likely  was 
insoluble  in  water.  However,  all  recent  experiments  have  been  carried  out  in 
artificial  endolymph  (AE)  to  better  match  ionic  conditions  normally  present 
around  the  tissues  being  dissected  and  to  minimize  cell  lysis  and  protein 
contamination  of  our  samples.  Artificial  endolymph  was  prepared  according  to 
the  following  formula.15-1 

AE:  1.0  mM  NaCl;  148  mM  KC1;  10  mM  KHCOa; 

1  mM  MgCl2;  1.5  mM  CaCl2,  pH  7.4-7.B 

The  tissue  was  removed  to  fresh  fluid  several  times  as  the  otoconial  complexes 
were  dissected  rapidly,  and  the  complexes  always  were  moved  to  fresh  fluid 
immediately  before  they  were  picked  up  with  the  aid  of  a  micropipette.  This 
served  to  wash  away  possible  contaminating  proteins.  The  sample  then  was 
placed  in  a  1.5-ml  centrifuge  tube  with  ~3  pi  of  fluid.  Saccular  and  utricular 
complexes  were  kept  separate.  Otoconial  complexes  from  2-6  animals  were 
pooled,  and  the  supernatant  fluid  was  removed  carefully.  Otoconial  samples 
were  utilized  immediately  or  were  stored  (covered)  at  -42°C  until  used. 

EDTA  Chelation 

Our  early  work  was  carried  out  by  collecting  30-60  otoconial  samples  in  small 
foil  cups  to  which  a  drop  or  two  of  0.1  M  (ethylenedinitrilo)-tetraacetic  acid 
(EDTA)  was  added.  The  cups  were  supported  in  wells  in  staining  dishes,  and 
chelation  was  carried  out  in  the  cold.  The  EDTA  was  withdrawn  carefully  every 
other  day,  and  after  a  week,  when  it  appeared  that  only  a  gel-like  residue  was 
left,  the  samples  were  dried  over  silica  gel.  The  residue  was  solubilized  in 
sodium  dodecyl  sulfate  (SDS)  and  prepared  for  gel  electrophoresis.  This  method 
led  to  some  variation  in  results,  and  therefore  direct  solubilization  in  SDS  was 
attempted  (see  below).  EDTA  also  has  been  used  in  combination  with  trichloro¬ 
acetic  acid  (TCA)  for  comparison  with  non-EDTA-treated  material,  to  examine 
the  question  of  solubility  of  some  otoconial  complex  protein  in  EDTA. 


Solubilization  and  Denaturation 

Two  different  methods  of  denaturation  and  solubilization  have  proved 
successful. 

1.  The  first  of  these  involved  direct  solubilization  and  denaturation  of  the 
pooled  complexes  in  a  mixture  of  3  pi  SDS  and  3  pi  /S-mercaptoethanol  in  an  oven 
at  100°C  for  three-five  minutes.  The  mixture  next  was  cooled  and  then  doubled 
with  2x  concentrated  upper  buffer,  which  contained  dithiothreitol  and  bromo- 
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phenol  blue.  Approximately  6  microliters  of  this  fluid  served  as  the  sample  that 
was  placed  on  the  gel.  When  saccular  and  utricular  samples  were  combined  for 
comparison  purposes,  ~3  #d  of  each  sample  were  combined  (6  pi  total)  for 
analysis. 

2.  The  second  method  was  more  complicated,  and  some  sample  loss  may  have 
occurred  because  of  the  washes  involved.  Otoconial  complexes  were  dissolved 
in  TCA  at  90°C  for  15  minutes.  The  residue  was  cooled  on  ice  for  5  minutes  and 
then  centrifuged  in  a  cold  room  (Eppindorf  centrifuge,  ~15,000g  force)  for  about 
45  minutes.  The  supernatant  was  withdrawn  carefully,  and  the  residue  was 
washed  twice  in  cold  acetone,  with  the  supernatant  carefully  wicked  away.  After 
the  last  wash,  the  residual  acetone  was  evaporated  in  an  oven  at  37°C.  This  left  a 
very  small,  whitish  mass  (assumedly  protein),  which  then  was  solubilized  in  SDS 
at  90°C  for  5  minutes.  The  solution  was  cooled  to  room  temperature,  and 
/3-mercaptoethanol  was  added  according  to  Gainer’s  recipe.  After  the  volume 
was  doubled  with  2x  concentrated  upper  buffer,  procedures  outlined  under 
method  1  were  followed. 


Gels 

The  gels  were  made  according  to  the  recipe  provided  by  Gainer  except  for 
addition  of  0.1%  SDS.®  The  stacking  gel  in  initial  studies  was  3%  polyacrylamide 
(pH  6.1),  and  the  running  gel  was  7.5%  (pH  9.2).  In  order  to  achieve  better 
separation  of  some  of  our  bands,  we  recently  have  used  a  3.0%  (pH  6.1)  stacking 
gel  and  a  12.5%  (pH  9.2)  running  gel.  The  gels  were  cast  in  hematocrit  tubes  7  cm 
long  and  having  a  uniform  internal  bore  of  1.1  mm. 


Conditions  of  Electrophoresis  and  Staining 

Upper  and  lower  buffers  have  been  prepared  following  Gainer’s  methodol¬ 
ogy.  In  order  to  sharpen  our  bands,  we  added  1  mM  ethyleneglycol-bis- 
(d-aminoethyl  ether)  N,N'-tetraacetic  acid  (EGTA)  to  the  upper  buffer  (the  EGTA 
chelates  any  calcium  ions  present).  The  7.5%  gels  were  run  at  constant  voltage 
(120  V)  at  5  mA  (0.5  mA/gel)  in  a  Model  1400  Ames  gel  bath  with  a  Miles  RP500 
power  supply.  The  12.5%  gels  were  run  with  a  constant  current  of  0.5  mA/gel, 
with  voltage  between  120  and  450. 

Routinely,  the  electrophoresis  was  continued  until  the  bromophenol  blue 
reached  within  1  cm  of  the  bottom  of  the  gels;  but  on  some  occasions  the 
electrophoresis  was  stopped  when  the  tracking  dye  had  traveled  only  about 
halfway  down  the  gels.  This  was  done  to  determine  whether  one  or  more 
peptides  were  running  ahead  of  the  dye.  The  gels  were  removed  from  the  tubes 
and  placed  in  test  tubes  with  0.25%  Coomassie  blue  stain  for  2-16  hours.  The  gels 
were  destained  in  a  solution  of  acetic  acid  and  methanol,  as  described  by 
Gainer. 


Standards 


Standards  were  run  simultaneously  with  the  unknowns  (otoconial  complex 
samples)  to  make  molecular-weight  determinations  possible.  We  have  employed 
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Dalton  Mark  VI,  bovine  hemoglobin,  chymotrypsinogen,  /3-galactosidase,  and 
lysozome  (obtained  from  Sigma  Chemical  Co.,  St.  Louis,  Mo.,  USA). 


Molecular-Weight  Determination 


The  gels  were  read  on  a  Quantimet  720  image-analyzing  computer  using  a 
software  computer  program  written  for  the  purpose  by  Thomas  J.  Williams. 
Relative  mobility  of  each  protein  peak  was  calculated  as 


Relative  mobility  - 


distance  of  protein  migration 
length  of  the  running  gel  after  destaining 


(length  of  the  running  gel  before  destaining") 
distance  of  bromophenol  blue  migration  I 

A  standard  curve  was  obtained  by  plotting  the  relative  mobilities  of  the 
standard  proteins  against  the  log  of  their  molecular  weights.  The  molecular 
weights  of  the  unknown  sample  proteins  were  extrapolated  from  this  standard 
curve. 


Scanning  Electron  Microscopy 

Otoconial  complexes  were  exposed  to  artificial  endolymph  for  15  or  30 
minutes,  removed,  coated  with  gold,  and  examined  in  a  JEOL  JSM  U-3  scanning 
electron  microscope  at  15  kV.  This  was  done  to  determine  the  effect  (if  any)  of  the 
fluid  on  otoconial  complex  integrity  and  to  ascertain  the  relative  cleanness  of  the 
samples  we  were  analyzing. 


Results 

The  initial  electrophoretic  results  obtained  with  residues  derived  through 
chelation  of  otoconial  complexes  prior  to  solubilization  and  denaturation  in 
SDS-/3-mercaptoethanol  were  encouraging  because  bands  of  protein  separated 
out  on  the  gels  and  their  molecular  weights  could  be  assessed  on  the  basis  of  the 
weights  of  the  standards  run  simultaneously.  The  range  of  molecular  weights  of 
the  bands  produced  usually  was  similar  (~15,000  to  -55,000  daltons)  from  one 
experiment  to  another,  but  the  number  of  bands  often  was  different.  These 
experiments  indicated  either  that  the  chelation  process  had  some  unknown  effect 
on  the  proteins  or  that  (more  likely)  withdrawal  of  the  supernatant  fluid,  which 
was  changed  periodically,  resulted  in  loss  of  soluble  proteins. 

Direct  solubilization  in  SDS  yielded  more  promising  results.  Two  major 
protein  bands  were  evident  in  both  saccular  and  utricular  complexes  by  this 
method.  The  lower-molecular-weight  material  was  in  the  range  of  16,800-18,000 
daltons,  and  the  higher-molecular-weight  protein  was  -51,000  daltons.  Several 
minor  bands  were  present  in  between  the  major  bands  but  often  were  not 
identical  from  one  trial  to  the  next.  During  the  period  when  these  experiments 
were  conducted,  using  the  combination  of  3%  and  7.5%  gels,  we  learned  that  as 
few  as  four  pooled  complexes  provided  sufficient  protein  to  serve  as  samples  for 
two  gels.  We  also  began  to  carry  out  microdissections  in  artificial  endolymph,  and 
scanning  electron  microscopy  of  otoconial  complexes  prepared  in  this  fluid 
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demonstrated  that  the  complexes  were  in  superior  condition  even  after  one-half 
hour  or  more  exposure  to  the  fluid  (Figure  5).  Such  periods  of  time  are  far  in 
excess  of  those  required  for  microdissection  of  our  samples  (5-10  minutes). 

In  order  to  determine  if  low-molecular-weight  peptides  were  running  ahead 
of  the  bromophenol  blue,  the  electrophoresis  sometimes  was  terminated  when 
the  dye  had  reached  the  midpoint  of  the  gels.  Subsequent  staining  of  the  gels 
failed  to  demonstrate  the  presence  of  bands  below  the  tracking  dye. 

The  matter  of  variability  in  minor  protein  bands  observed  from  one  experi¬ 
ment  to  the  next  had  to  be  resolved.  We  therefore  attempted  to  obtain  a  more 
pure  protein  sample  by  employing  the  TCA  method  of  protein  precipitation.  The 
precipitate  produced  always  was  exceedingly  small  and  was  lost  completely  on 


Figure  5.  The  typical  appearance  of  a  utricular  otoconial  complex  microdissected  in 
artificial  endolymph  is  demonstrated  here.  The  sample  is  free  of  debris,  and  otoconial 
integrity  has  been  maintained.  This  complex  was  exposed  to  artificial  endolymph  for  30 
minutes,  but  collection  of  the  sample  ordinarily  requires  only  5-10  minutes.  xlOO. 


more  than  one  occasion  during  the  washing  procedures  when  the  sample 
inadvertently  was  wicked  away  with  the  acetone  wash.  Nevertheless,  several 
experiments  were  successful  and  provided  further  evidence  that  there  were  two 
major  proteins  in  the  organic  substance  in  the  saccular  and  utricular  complexes. 
The  proteins  apparently  were  identical,  for  the  two  kinds  of  complexes  and  their 
molecular  weights  corresponded  in  general  to  those  observed  in  our  previous 
experiments.  Minor  bands  still  differed  in  number  and  in  molecular  weight  from 
one  experiment  to  the  next.  The  problem  of  possible  loss  of  sc^ie  protein  during 
the  TCA  preparative  procedures  became  worrisome. 

In  order  to  avoid  this  possibility,  direct  solubilization  and  denaturation  in  SDS 
and  0-mercaptoethanol  were  reinstated.  In  addition,  the  running  gel  concentra- 
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tion  was  increased  to  12.5%.  This  was  done  to  slow  the  migration  of  the 
lower-molecular-weight  peptides.  The  results  of  experiments  run  under  these 
conditions  were  consistent  from  one  day  to  the  next.  The  bands  were  sharply 
defined  in  the  gels,  and  the  pattern  of  banding  appeared  to  be  identical  for  both 
major  and  minor  bands  of  the  complexes  (Figure  6). 

Several  major  protein  bands  were  apparent  in  gels  run  under  these  improved 
experimental  conditions.  Two  of  the  most  prominent  occurred  at  -16,500  and 
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80,000v 

56,000V  | 
46,000v 


17,000v 


Figure  6.  A  typical  set  of  12.5%  gels  containing 
proteins  obtained  from  saccular  (a),  combined  saccu¬ 
lar  and  utricular  (b),  and  utricular  (c)  complexes  is 
illustrated  here.  The  apparent  molecular  weights  are 
indicated  to  the  left  of  the  figure  and  are  the  same  for 
each  sample,  based  on  calculations  of  the  relative 
mobilities  of  the  proteins  compared  to  standards,  with 
the  distance  of  the  bands  from  the  tracking  dye  taken 
into  account. 
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~46,000  daltons,  and  further  significant  proteins  were  at  ~ 56,000,  ~80,000,  and 
>100,000  molecular  weight  (MW).  Several  minor  bands  were  present  between 
56,000  and  80,000  daltons.  It  was  noteworthy  that  the  protein  banding  pattern  of 
the  combined  utricular  and  saccular  proteins  was  identical  to  the  patterns 
observed  in  either  single  sample  (Figure  6). 


Discussion 

The  most  important  finding  of  this  research  is  that  analysis  of  the  proteins  of 
the  organic  material  of  the  otoconial  complexes  is  possible  when  sensitive 
microanalytical  methods  are  employed.  The  present  research  has  taken  only  the 
first  step  in  this  direction,  but  further  modification  of  the  basic  technique  used 
here  and  inclusion  of  other  sensitive  staining  methods  should  mean  that,  in  the 
future,  protein  separation  by  molecular  weight  will  be  possible  in  sample  pools 
containing  only  two  otoconial  masses.  This  would  make  the  analysis  of  normal 
and  defective  or  nonmineralized  human  otoconial  complexes  practical,  permit¬ 
ting  us  to  ascertain  whether  one  or  more  proteins  are  missing  in  abnormal 
complexes. 

On  the  basis  of  our  present  results,  it  appears  that  the  proteins  present  in 
saccular  and  utricular  otoconial  complexes  are  identical.  This  is  a  matter  of  some 
importance  to  determine,  because  previous  investigations  have  shown  that 
saccular  otoconia  are  more  prone  than  the  utricular  to  degenerate  with  age  and 
disease,  or  after  administration  of  certain  drugs.7'9'"'1'  It  was  demonstrated  also 
that  in  vivo  uptake  and/or  exchange  of  aCa*  *  occurs  more  rapidly  and  in  greater 
quantities  in  saccular  otoconia.1"  These  findings  could  indicate  that  some  inher¬ 
ent  chemical  and  structural  difference  existed  between  otoconia  from  the  two 
sites,  but  our  results  indicate  that  some  other  explanation  must  be  sought. 

It  is  of  interest  that  a  major  protein  band  in  the  range  of  -17,000  daltons 
separated  out  consistently  in  the  gels.  This  apparent  molecular  weight  is  within 
the  range  of  other  known  calcium-fixing  proteins.  For  example,  the  MW  of 
calmodulin  has  been  reported  to  be  -15,000-19,000  daltons  under  various 
experimental  conditions,  and  16,790  MW  by  amino  acid  sequencing.10  Troponin- 
C  has  a  calculated  MW  of  17,846  and  has  been  reported  to  weigh  between 
-17,000  and  22,000  when  differing  analytical  methods  were  employed.3  It  is 
possible  that  the  low-molecular-weight  protein  we  have  identified  in  otoconial 
complexes  is  an  analogous  calcium-binding  agent,  especially  in  light  of  the  fact 
that  the  calcium-fixing  proteins  show  remarkable  stability  in  evolution  with 
respect  to  their  amino  acid  content  and  sequencing. 

In  this  same  context  it  is  relevant  to  note  that  Degens  and  his  colleagues  found 
that  the  protein  of  fish  otolith,  which  they  named  otolin,  is  a  highly  acidic,  fibrous 
protein  with  a  molecular  weight  of  >150, 000. 4-5  Cleavage  with  urea/hydroxyl- 
amine  produced  units  of  -70,000-80,000  MW.  Fish  otoliths  contain  the  aragonite 
polymorph  of  calcium  carbonate.  In  the  case  of  mollusc  shells  containing  the 
calcite  polymorph,  cleavage  with  hydroxylamine  yielded  proteins  ranging 
between  20,000  and  80,000  daltons.4  The  range  in  otoconial  complex  protein 
material  is  -17,000  to  >100,000.  Further  tests  and  the  use  of  additional  standard 
will  be  required  to  define  the  upper  limit  of  the  high-molecular-weight  proteins 
present.  It  is  worthwhile  emphasizing,  however,  that  the  molecular  weights  of  the 
proteins  of  fish  otoliths,  mollusc  shells,  and  otoconial  complexes,  insofar  as  these 
have  been  determined,  are  more  alike  than  dissimilar  even  though  different 
methods  of  protein  analysis  were  used.  The  extent  of  agreement  is  remarkable 
considering  that  the  biosystems  investigated  had  little  more  in  common  than  their 
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ability  to  store  a  polymorph  of  calcium  carbonate.  On  the  other  hand,  the  organic 
material  of  the  otoconial  complexes  seems  to  be  entirely  different  from  that  of  a 
related  inner  ear  membrane,  the  tectorial.  Steel  carried  out  SDS  gel  electropho¬ 
resis  of  the  tectorial  membranes  of  normal  and  abnormal  mice  and  found  (in  both 
cases)  a  range  of  -62,000-180,000  MW,  with  a  major  band  at  140,000  daltons.20 

It  is  important  to  note  that  Degens  reported  that  water-soluble  proteins 
account  for  between  0.1  and  2%  of  the  total  organic  material  in  shells.  Meenakshi 
et  al.  discussed  their  own  findings  as  well  as  those  of  other  investigators,  which 
indicate  that  it  is  the  intracrystalline  part  of  shell  protein  that  is  particularly 
water-  and  EDTA-soluble.13  Thus,  pretreatment  with  EDTA,  such  as  we  carried 
out  in  our  first  experiments,  is  to  be  avoided  unless  the  purpose  is  to  analyze  the 
fluid  for  soluble  proteins.  We  have  not  yet  fully  characterized  the  EDTA-soluble 
(or  water-soluble)  protein(s)  of  otoconial  complexes. 

The  reliability  of  the  findings  we  have  made  in  these  initial  studies  will 
depend  upon  the  cleanness  of  the  samples  we  have  analyzed.  Scanning  electron 
microscopy  of  some  of  the  samples  that  we  have  microdissected  demonstrates 
that  our  specimens  are  free  of  debris  (Figure  5).  It  is  impossible  to  know  that 
every  sample  is  equally  clean,  however.  The  reproducibility  of  protein  banding 
from  one  experiment  to  another  under  our  improved  experimental  conditions 
leads  us  to  believe  that  contamination  is  not  a  significant  factor  in  our  results. 
However,  further  experiments  in  which  otoconia  are  separated  from  otoconial 
membrane  material  by  centrifugation  or  sedimentation  procedures,  then  washed 
and  analyzed,  will  be  required  before  this  question  can  be  answered  entirely. 
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Since  the  establishment  of  an  ear,  nose,  and  throat  (ENT)  department  in  1910, 
affiliated  with  the  University  of  Copenhagen,  there  has  been  a  tradition  of 
treating  patients  with  Meniere’s  disease  at  the  university  department.  In  the 
beginning,  both  mild  and  severe  cases  were  treated:  but  after  the  establishment 
of  several  other  ENT  departments  in  Denmark,  and  the  increase  in  the  number 
of  otologists  in  private  practice,  only  the  very  severe  cases  were  referred  to  the 
university  ENT  departments.  These  were  patients  who  had  been  given  up  on  by 
private  otologists  as  well  as  by  provincial  ENT  departments  and  who  were 
referred  to  the  university  departments  as  a  last  resort. 

Based  on  the  personal  experiences  of  Dida  Dederding,  an  otologist  suffering 
from  Meniere’s  disease  herself,  Mygind  and  Dederding  put  forward  the  hypothe¬ 
sis  that  Meniere’s  disease  is  caused  by  a  hydroelectrolytic  disturbance  of  the 
inner  ear.1-2  They  demonstrated  the  possibility  of  aggravating  the  cochlear/ 
vestibular  symptoms  with  water  load  and  of  alleviating  the  symptoms  with  water 
and  salt  restrictions.  This  also  added  to  the  referral  of  "impossible”  Meniere 
patients. 

Because  of  an  urgent  need  for  satisfactory  means  of  treatment,  we  began  in 
1970  out  of  sheer  desperation,  though  based  on  some  pathophysiological  thinking, 
to  treat  patients  with  Meniere’s  disease  with  lithium  carbonate.  It  was  believed 
that  lithium  had  the  property  of  influencing  the  transport  of  water  and  ions  into 
and  out  of  special  biological  compartments,  such  as  the  endolymphatic  space. 

It  was  shown  in  an  open  study  that  in  70%,  the  effect  of  treatment  with 
lithium  was  excellent,  as  judged  by  the  patients’  own  statements  concerning  the 
reduction  in  frequency  and  severity  of  the  attacks.  Although  a  placebo  effect 
could  not  be  ruled  out  in  this  open  trial,  the  high  (70%)  and  persistent  (17  months) 
effect  did  justify  continued  investigations  on  the  effect  of  lithium  on  Meniere’s 
disease. 

In  two  subsequent,  controlled  series  of  investigations  on  the  effect  of  lithium 
upon  the  symptoms  in  Meniere's  disease,  however,  it  was  demonstrated  that  the 
effect  of  lithium  could  be  maintained  at  70%  but  that  the  effect  of  a  placebo 
equaled  the  effect  of  the  active  medication.3,4 


*At  the  time  this  research  was  begun.  Drs.  Thomsen  and  Johnsen  were  affiliated  with 
Rigshospitalet.  Gentofte  Hospital  is  the  current  affiliation  of  all  authors.  Both  hospitals  are 
part  of  the  University  of  Copenhagen. 
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In  an  evaluation  of  the  glycerol  test,  which  has  been  used  by  some  authors  to 
select  patients  suitable  for  endolymphatic  shunt  surgery,  it  was  demonstrated  that 
evaluation  of  the  results  is  difficult  and  the  value  of  the  test  questionable,  but  at 
the  same  time  it  was  demonstrated  that  patients  with  Meniere’s  disease  were 
indeed  very  good  placebo  responders.5,8 

In  a  review  of  the  world  literature  on  M6ni6re’s  disease,  Torok  found  that 
almost  without  exception,  advocates  of  either  medical  or  surgical  treatment 
claimed  success  in  60-80%  of  patients.7  Torok  indicated  that  because  so  many 
diverse  therapies  were  proclaimed  to  be  successful,  it  would  seem  appropriate  to 
consider  the  influence  of  some  factor  common  to  all,  i.e.,  the  placebo  effect.7 

This  idea  is  very  similar  to  our  concept  of  the  treatment  of  M6ni6re’s  disease, 
and  we  agreed  to  the  idea  put  forward  by  Shambaugh  that  Meni&re’s  disease 
might  call  for  a  controlled  double-blind  study  on  the  effect  of  surgery*  The 
present  study  report  is  such  a  controlled  study  of  the  effect  of  an  endolymphatic 
sac  shunt  operation  (Silastic  sheet  mastoid  shunt]  versus  the  effect  of  a  placebo 
operation  (regular  mastoidectomy). 


Method 

In  order  to  participate  in  the  trial,  the  patients  had  to  fulfill  the  following 
criteria:  presence  of  typical  attacks  of  fluctuating  hearing  loss,  tinnitus,  and 
vertigo;  often  accompanied  by  nausea,  vomiting,  and  pressure  in  the  ear;  with  at 
least  one  attack  every  two  weeks;  a  history  not  less  than  six  months  but  no  longer 
than  five  years;  normal  renal,  cardiac,  and  thyroid  function;  and  no  obvious 
allergies.  The  patients  had  to  be  considered  psychologically  normal  and  willing 
to  participate  in  the  trial  for  the  entire  12  months.  Furthermore,  they  were 
examined  in  detail  to  exclude  tumors  or  other  pathology  of  the  cerebellopontine 
angle. 

During  a  period  of  three  months  before  surgery,  the  patients  filled  in  a 
dizziness  questionnaire  daily  while  continuing  the  medical  treatment  initiated  by 
their  own  otologist,  in  order  to  ensure  a  reasonable  number  of  attacks  to  allow  a 
statistical  evaluation  and  to  exclude  placebo  responders  in  the  pretest  evalua¬ 
tion. 

Patients  were  informed  that  they  would  participate  in  a  trial  testing  the 
efficacy  of  two  different  surgical  procedures  for  the  treatment  of  their  disease. 
They  were  not  informed  that  half  of  the  patients  would  be  submitted  to  a  purely 
placebo  operation.  The  patients  were  assigned  randomly  for  each  treatment 
group. 

The  active  treatment  consisted  of  a  regular  endolymphatic  sac  shunt  opera¬ 
tion  with  insertion  of  Silastic  into  the  sac,  draining  out  into  the  mastoid  cavity. 

The  placebo  treatment  consisted  of  a  regular  mastoidectomy,  at  which  much 
care  was  taken  not  to  remove  the  bone  over  the  endolymphatic  sac,  in  order  to 
avoid  a  decompression. 

The  patients  were  operated  on  in  two  university  ENT  departments  in 
Copenhagen,  the  Rigshospital  and  Gentofte  hospital,  and  the  patients  operated 
on  at  the  Rigshospital  were  controlled  every  month  at  Gentofte  hospital  and  vice 
versa  in  order  to  deprive  the  investigator  of  any  information  about  the  operative 
procedure  employed.  A  standardized  operation  description  was  written  in  the 
patients’  charts  in  order  to  deprive  the  nursing  staff  at  the  hospital  of  information 
on  the  character  of  the  operation.  Each  day  all  the  patients  filled  in  the  dizziness 
questionnaire,  stating  the  frequency  of  attacks  as  well  as  the  duration  and 
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severity  of  individual  attacks.  All  symptoms  within  the  M6ni6re  syndrome 
(hearing  loss,  tinnitus,  dizziness,  nausea,  vomiting,  pressure  in  the  ears)  were 
recorded,  and  the  patients  classified  their  symptoms  according  to  a  0-3  scale. 

Each  month  the  investigators  evaluated  the  patients’  present  state  of  disease 
by  giving  scores  from  0-10  depending  on  the  severity  of  the  disease.  After 
termination  of  the  12-month  trial  period,  the  investigators  evaluated  the  overall 
effect  of  the  operation  on  each  patient,  and  the  patients  also  were  asked  to  give 
their  opinion  about  the  effect  of  the  operation.  In  addition,  pure-tone  audiograms 
were  taken.  The  pre-  and  postoperative  results  were  classified  according  to  the 
American  Academy  of  Ophthalmology  and  Otolaryngology  (AAOO)  classifica¬ 
tion.®  A  thorough  statistical  analysis  of  the  median  values  of  the  patients’  total 
scores  for  all  five  parameters  was  carried  out  using  the  Mann-Whitney  U  test,  the 
Friedmann  test,  and  the  Kolmogorov-Smimov  two-sample  test.  The  postopera¬ 
tive  follow-up  was  100%.  All  patients  were  followed  monthly  for  a  minimum  of 
12  months,  and  the  code  was  broken  12  months  after  operation  on  the  last 
patients. 


Patients 

Thirty  patients  with  typical  Meniere’s  disease  were  selected  for  surgery 
because  of  unsuccessful  medical  treatment.  No  patient  fulfilling  the  criteria 
refused  to  participate  in  the  trial.  Fifteen  patients  received  the  active  operation, 
and  15  the  placebo  operation.  Six  patients  in  each  group  were  females,  9  were 
males.  In  the  active  group,  the  age  ranged  from  25  to  63  years,  an  average  of  49.9; 
in  the  placebo  group,  the  average  age  was  53.9  years,  ranging  from  28  to  69  years. 


ACTIVE  MEDIAN  MONTHLY  SCORE  PLACEBO 


Figure  1.  Total  pre-  and  postoperative  scores  in  both  groups  for  all  parameters.  Broken 
lines  indicate  patients  with  higher  scores  postoperatively  compared  with  preopera tively. 
No  significant  difference  between  active  and  placebo. 
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Figure  2.  Pre-  and  postoperative  scores  for  nausea  and  vomiting.  Broken  lines  indicate 
patients  with  higher  scores  postoperatively.  No  significant  difference  between  active  and 
placebo. 


In  5  patients  (16.6%),  Meniere's  disease  was  bilateral— 2  in  the  active  group  and  3 
in  the  placebo  group. 

Medians  of  total  scores  for  all  parameters  added  together  are  shown  for  both 
the  active  and  the  placebo  group  in  Figure  1.  There  was  a  significantly  (p  <  0.01) 
lower  score  postoperatively  compared  with  preoperatively  for  both  groups,  while 
no  significant  difference  could  be  demonstrated  between  the  two  groups.  All 
patients  in  the  active  group  had  lower  scores  postoperatively  compared  with 
preoperatively,  while  four  patients  in  the  placebo  group  had  higher  scores 
postoperatively.  However,  as  will  be  seen  below,  this  was  due  to  a  high  score  for 
hearing  loss  and  tinnitus.  The  total  score  therefore  must  be  broken  down  into  the 
individual  scores  for  nausea  and  vomiting,  vertigo  or  dizziness,  pressure  in  the 
ear,  tinnitus,  and  subjective  hearing  impairment. 

For  nausea  and  vomiting,  both  groups  scored  lower  postoperatively  compared 
with  preoperatively  (p  <  0.01)  while  no  significant  difference  could  be  registered 
between  the  active  and  the  placebo  group.  It  is  seen  that  in  the  active  group,  all 
patients  had  lower  scores  after  the  operation,  while  13  out  of  15  patients  in  the 
placebo  group  had  lower  scores  postoperatively.  This  difference  is  not  significant 
(Figure  2). 

For  the  parameter  dizziness  or  vertigo,  the  same  pattern  appears  (Figure  3). 
For  both  groups,  a  significant  (p  <  0.01)  reduction  in  the  scores  is  registered  after 
the  operation,  but  also  a  slightly  significantly  (p  <  0.05)  higher  score  postopera¬ 
tively  in  the  placebo  group  compared  with  the  active  group.  This  higher  score  is 
due  to  only  two  patients  (the  same  two  patients  who  scored  high  with  regard  to 
vomiting);  but  if  this  is  looked  upon  as  a  reduction  of  the  scores  in  all  patients  in 
the  active  group  and  13  out  of  15  in  the  placebo  group,  this  statistical  difference 
disappears. 
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Figure  3.  Pre-  and  postoperative  scores  for  dizziness  and  vertigo.  Broken  lines  indicate 
patients  with  higher  scores  postoperatively.  Slightly  significantly  (p  <  0.05)  lower  scores  in 
the  active  group  compared  with  the  placebo  group. 


Concerning  tinnitus  and  subjective  hearing  impairment,  no  difference  could 
be  demonstrated  between  the  active  and  placebo  groups. 

With  regard  to  pressure  in  the  ear  (Figure  4),  both  groups  had  a  significant 
(p  <  0.01J  reduction  in  the  scores,  but  no  difference  could  be  demonstrated 
between  the  two  groups. 


MEDIAN  MONTHLY  SCORE 
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Figure  4.  Pre-  and  postoperative  scores  for  pressure  in  the  ear.  Broken  lines  indicate 
patients  with  higher  scores  postoperatively.  No  significant  difference  between  active  and 
placebo. 
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Figure  5.  Pre-  and  postoperative  values  for  the  investigators'  global  scores.  No  signifi¬ 
cant  differences  between  active  and  placebo,  but  a  highly  significant  (p  <  0.005)  reduction 
in  scores  postoperatively  for  both  groups. 


Each  month  the  investigators  had  given  a  global  score  for  each  patient's 
present  state  of  disease.  The  median  monthly  score  for  both  the  active  and  the 
placebo  group  showed  a  highly  significant  reduction  postoperatively  compared 
with  preoperatively  (p  <  0.005),  while  no  differences  could  be  demonstrated 
between  the  active  and  the  placebo  group  (FIGURE  5). 

At  the  termination  of  the  trial,  the  investigators  attempted— based  on  conver¬ 
sations  with  the  patients — to  assess  the  total  value  of  the  operation  for  each 
patient.  The  physician  judged  the  operation  to  be  very  beneficial  to  73%  of  the 
patients  in  the  active  group  and  80%  in  the  placebo  group;  fairly  beneficial  to 
14.5%  in  the  active  group  and  20%  in  the  placebo  group;  while  2  patients  (13.5%) 
in  the  active  group  were  evaluated  as  having  had  no  effect  from  surgery.  There 
thus  was  no  difference  between  the  two  groups  in  the  evaluation  bv  the 
investigators  at  a  time  when  they  were  unaware  of  which  group  the  patients 
belonged  to. 
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At  the  termination  of  the  12-month  observation  period,  each  patient  had  a 
pure-lone  audiogram  taken;  the  average  mean  values  for  250,  500,  and  1,000  Hz 
showed  no  difference  between  the  active  and  the  placebo  group. 

The  various  subjective  and  objective  parameters  were  classified  according  to 
the  AAOO  posttreatment  reporting  criteria,  and  the  results  are  shown  in  Table  1. 
There  was  a  larger  number  of  patients  in  the  active  group  belonging  to  class  A 
and  B  compared  with  the  placebo  group,  but  this  difference  is  not  significant.  If 
class  C  is  also  included  in  the  success  group  (since  this  class  includes  patients 
with  absence  of  definitive  attacks  but  deterioration  of  hearing),  the  tendency 
toward  a  better  result  disappears  in  the  actively  operated  patients. 

At  the  final  visit,  the  patients  were  asked  whether  they  thought  the  operation 
had  been  of  benefit  to  them.  As  shown  in  Table  2,  73%  in  the  active  group  and 
67%  in  the  placebo  group  found  the  value  of  the  operation  was  good.  Three 
patients  in  the  active  group  (20%)  and  five  patients  (33%)  in  the  placebo  group 
thought  the  result  was  reasonable,  and  only  one  patient  indicated  that  the 
operation  had  no  effect  whatsoever;  this  patient  belonged  to  the  actively  operated 
group.  Thus,  regarding  the  patients'  opinion  of  the  value  of  the  operation,  there 
was  no  significant  difference  between  the  active  endolymphatic  shunt  operation 
and  the  placebo  operation. 


Discussion 

Clinical  and  laboratory  studies  indicate  that  Meniere’s  disease  is  the  clinical 
manifestation  of  inner  ear  changes  caused  by  dysfunction  of  the  endolymphatic 
sac.’0  This  dysfunction  is  believed  to  cause  a  progressive  accumulation  of 
endolymph,  which  in  turn  results  in  distension,  herniation,  and  ruptures  of  the 
endolymphatic  system.  Dida  Dederding,  who  suffered  from  all  the  symptoms 
included  in  the  Meniere’s  complex,  died  in  1955  and  donated  her  temporal  bone 
to  the  otopathological  laboratorium  at  the  Rigshospital.  Her  right  temporal  bone 
is  shown  in  Figure  6,  and  it  did  indeed  display  a  severe  hydrops.  However,  the  } 

fact  that  the  histological  features  of  hydrops  are  present  in  a  multitude  of  ; 

conditions  indicates  that  these  features  do  not  represent  a  specific  pathological  4 

picture  of  any  particular  disease— M§ni6re’s  disease  being  no  exception.  It  is 
pose  ible,  and  even  plausible,  that  this  is  the  way  in  which  the  inner  ear  reacts 
nonspecifically  to  various  pathological  conditions."  It  also  is  possible  that 
hydrops  manifests  itself  as  a  postmortem  change,  i.e.,  a  histological  artefact.12 
Kimura  concluded  that  hydrops  can  develop  from  almost  any  kind  of  insult  or 
injury  to  the  ear." 

Jongkees,  citing  Hymans  van  den  Bergh,  states  that  the  existence  of  a 

Table  2  J 

Patients'  Evaluation  of  the  Value  of  the  Operation  j 


Operation 

Good 

Reasonable 

Poor 

Total 

n 

% 

n 

% 

n 

% 

n 

% 

Active 

it 

73 

3 

20 

i 

7 

15 

1 00 

Placebo 

10 

67 

5 

33 

0 

0 

15 

100 

Total 

21 

8 

1 

30 
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Figure  6.  The  right  temporal  bone  of  Dida  Dederding,  showing  severe  hydrops  in  all 
coils  of  the  cochlea. 

multitude  of  therapies— with  enthusiastic  defenders  of  their  efficacy— is  the  best 
proof  of  the  lack  of  good  therapy.14  Since  the  original  description  by  Prosper 
M£nidre,  dozens  of  treatments  have  been  proposed  to  cure,  control,  or  alleviate 
M6ni«ire’s  disease.  Some  of  these  have  been  popular  for  a  short  time,  others  for 
longer  periods,  but  none  has  withstood  the  test  of  time.  Exclusive  of  symptomatic 
treatment  of  vertigo,  most  medical  therapies  have  no  logical  therapeutic  basis.  All 
treatments  having  an  assumed  palliative  or  curative  effect  are  based  on  some 
notion  of  etiology,  among  which  are  metabolic  disorders,  sympathetic  vasomotor 
disturbances,  endocrine  diseases,  allergies,  avitaminoses,  and  psychogenic  prob¬ 
lems. 

In  general,  the  explanations  as  to  how  these  conditions  affect  inner  ear 
physiology  are  hypothetical  and  lack  supporting  data.10 

With  regard  to  surgical  procedures  for  treatment  of  M6ni6re’s  disease,  it 
remains  to  be  shown  that  it  is  the  specific  surgical  procedure  of  whatever  kind 
that  is  responsible  for  the  claimed  effect  on  the  symptoms,  and  not  just  a  mere 
unspecific  influence  on  the  inner  ear  or  even  a  placebo  effect. 

In  the  present  study,  we  have  demonstrated  that  a  purely  placebo  operation  (a 
mastoidectomy)  is  as  effective  to  all  symptoms  in  M6ni6re’s  disease  as  is  an  active 
regular  endolymphatic  shunt  operation.  Minor  differences  could  be  demon¬ 
strated,  but  the  major  difference  in  symptoms  was  between  pre-  and  postopera¬ 
tive  symptoms  rather  than  between  postoperative  symptoms  in  the  active 
compared  with  the  placebo  group.  This  alleviation  of  the  symptoms  was 
especially  pronounced  with  regard  to  nausea,  vomiting,  and  dizzy  spells.  Our 
results  with  the  placebo  operation  are  as  good  as  those  obtained  by  Brackmann 
and  Anderson  with  the  shunt  procedure.’  Also  with  regard  to  classification 
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according  to  AAOO,  the  results  are  similar:  in  our  series  of  placebo  operations, 
33%  were  classified  as  failures  (class  D)  compared  with  29%  in  the  series  of 
Brackmann  and  Anderson.15 

When  the  investigator  was  unaware  of  the  surgical  procedure  performed  on 
the  patient,  his  evaluation  was  as  good  in  the  placebo  group  as  in  the  active 
group,  80%  compared  with  73%.  The  patients  themselves  made  similar  evalua¬ 
tions. 

Brackmann  and  Anderson  have  related  their  postoperative  results  to  various 
parameters.15  They  found  that  neither  preoperative  hearing  level,  preoperative 
vestibular  function,  nor  duration  of  symptoms  and  age  at  surgery  had  any 
influence  on  the  postoperative  results.  The  results  in  cases  of  fair  flow  and  fair  or 
poor  sac  were  comparable  with  results  in  cases  in  which  these  factors  were 
judged  to  be  good.  Others,  e.g.,  Schindler,18  have  reported  a  poor  correlation 
between  the  surgeon’s  ability  to  identify  the  sac  and  its  actual  presence  in 
histological  material.  Plantenga  and  Browning  noted  that  in  80%  of  their 
samples,  the  sac  “was  not  a  sac  or  baglike  structure.”17  In  temporal  bones  with 
idiopathic  endolymphatic  hydrops,  their  M6ni6re  cases  showed  no  objective 
pathological  features  in  the  endolymphatic  sac,  or  in  the  vestibular  aqueduct 
when  compared  with  normals. 

We  therefore  are  of  the  opinion  that  the  impact  of  surgery  upon  the  symptoms 
of  M6ni£re’s  disease  is  completely  unspecific  and  unrelated  to  the  actual  shunt 
procedure.  We  furthermore  believe  that  our  success  is  based  mainly  on  a  pure 
placebo  effect  obtained  through  the  surgical  procedure  and  quite  similar  to  the 
effect  previously  obtained  by  giving  the  patients  placebo  tablets.4 

In  dealing  with  a  disease  or  a  syndrome  like  Meniere's  disease  with  its 
fluctuations  in  intensity  of  symptoms,  spontaneous  remission  of  symptoms,  etc., 
open,  uncontrolled  studies  are  without  any  value  in  testing  a  treatment  modality, 
be  it  medical  or  surgical.  The  investigation  must  be  conducted  double  blindly 
(i.e.,  both  investigator  and  patient  are  ignorant  of  which  group  the  patient  belongs 
to).  Probably,  the  bias  effect  of  the  investigator  on  the  patient  is  particularly 
pronounced  in  the  dizzy  patient.  The  double-blind  technique  therefore  is  an 
absolute  necessity  in  such  investigations,  and  any  leak  in  the  blind  must  be 
considered  disastrous.  This  was  the  reason  why  we  gave  a  standardized  descrip¬ 
tion  of  the  operation  in  the  charts  irregardless  of  the  operative  procedure.  It 
served  to  deprive  the  nursing  personnel  of  information  about  the  procedure  and 
prevented  them  from  dropping  hints,  knowingly  or  unknowingly,  about  the  type 
of  operation  the  patient  had  undergone. 

The  conducting  of  a  double-blind  trial  raises  many  ethical  questions.  While  it 
is  accepted  that  controlled  studies  may  be  feasible  in  medicine  (e.g.,  comparing 
results  from  experimental  drugs  and  placebos),  they  are  “impossible”  in  surgery. 
Some  surgeons  even  have  argued  that  it  is  unethical  to  withhold  a  treatment  one 
believes  to  be  beneficial  even  though  it  has  not  yet  been  proven.  On  the  other 
hand,  it  can  of  course  be  argued  that  it  is  unethical  not  to  perform  these  studies 
before  a  large  number  of  people  are  subjected  to  a  procedure  that  might  be 
proven  to  be  of  no  value.  It  even  has  been  suggested  that  there  should  be  a 
surgical  equivalent  of  the  Food  and  Drug  Administration  to  scientifically  test  new 
surgical  procedures  before  they  are  used  widely.15 

Another  question  is  how  to  design  future  trials,  and  in  what  way  and  to  what 
extent  the  patients  should  be  informed  about  the  trial.  To  compare  a  surgical 
treatment  with  a  simultaneous  medical  treatment  of  a  controlled  group  might 
result  in  a  higher  success  rate  in  the  group  exposed  to  surgery,  but  it  actually  tells 
nothing  about  the  mechanism  behind  the  efficacy,  and  it  only  may  be  an 
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indication  that  surgery  is  a  better  placebo  treatment  than  is  medical  treatment; 
such  trials  will  therefore  be  of  no  value. 

A  trial  exposing  one  group  of  patients  to  surgery  and  keeping  a  similar  group, 
maybe  randomly,  on  the  waiting  list  for  surgery  gives  rise  to  the  same  dilemma 
when  evaluating  the  results.  In  all  probability,  the  outcome  will  be  in  favor  of 
surgery,  because  of  the  strain  and  dissatisfaction  involved  in  waiting  for  a 
treatment  that  might  relieve  unpleasant  symptoms.  Double-blind  prospective 
studies  are  the  only  trials  that  may  give  some  information  about  the  efficacy  of 
the  surgical  procedure.  But  here  the  patient's  knowledge  about  the  procedure 
plays  an  important  part.  If  the  patients  are  informed  that  they  may  be  subjected  to 
a  purely  placebo  operation,  many  patients  will  withdraw  from  the  trial,  leaving  a 
selected  control  group  and  a  test  result  that  no  longer  would  be  representative  of 
the  remainder  of  the  patients  suffering  from  the  same  complaints.  Furthermore, 
knowledge  of  the  possibility  of  having  a  purely  placebo  operation  probably 
reduces  the  efficacy  also  in  the  actively  treated  group,  and  the  outcome  of  the 
trial  will  be  equivocal.  These  were  some  of  the  considerations  behind  our 
decision  not  to  tell  the  patients  that  they  might  receive  a  purely  placebo 
operation,  but  merely  that  we  were  testing  two  different,  but  probably  equally 
effective,  operations. 

Our  investigations  were  initiated  before  the  Helsinki  Declaration  on  Medical 
Ethics  was  made  effective  in  Denmark,  and  they  therefore  were  not  subject  to  the 
demand  of  full  patient  information  and  informed  consent  on  the  part  of  the 
patient.  We  believe  that  the  Helsinki  Declaration  in  the  future,  unfortunately, 
will  prevent  us  from  performing  similar  studies. 


Summary 

The  placebo  effect  in  surgery  for  Meniere’s  disease  was  investigated  in  a 
double-blind,  controlled  surgery  by  comparing  the  effect  of  a  regular  endolym¬ 
phatic  shunt  with  the  effect  of  a  purely  placebo  operation  (regular  mastoidecto¬ 
my). 

Thirty  patients  with  typical  Meniere’s  disease  participated  in  the  study.  They 
were  selected  for  surgery  because  of  unsuccessful  medical  treatment  and  were 
chosen  randomly  for  each  treatment  group.  The  patients  filled  in  daily  dizziness 
questionnaires  for  3  months  before  and  12  months  after  surgery,  registering 
nausea,  vomiting,  vertigo,  tinnitus,  hearing  impairment,  and  pressure  in  the  ears. 

The  patients  were  operated  on  in  two  university  ENT  departments.  Those 
operated  on  in  one  department  were  controlled  each  month  at  the  other 
department,  and  vice  versa.  At  the  termination  of  the  trial,  the  investigators  as 
well  as  the  patients  gave  their  overall  opinion  of  the  efficacy  of  the  operation. 

Minor  differences  could  be  demonstrated  between  the  active  and  the  placebo 
group,  but  the  greatest  difference  in  symptoms  was  found  when  comparing  pre- 
and  postoperative  scores,  in  which  both  groups  improved  significantly. 
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Spinocerebellar  heredoataxias  include  more  than  50  different  types  of 
atrophic  processes  with  differences  in  clinical  appearance,  pathology,  heredity, 
age  of  onset,  and  course  of  the  disease.  The  literature  of  the  past  years  reports 
computer  tomography  (CT)  examinations  of  only  10  patients  with  Friedreich’s 
disease,  and  the  results  were  inhomogeneous.1,2  We  therefore  examined  different 
types  of  atrophies  in  the  posterior  fossa  in  more  than  100  patients. 

Sixty-nine  men  and  41  women  either  with  spinocerebellar  heredoataxias  or 
with  cerebellar  atrophies  (average  age,  42  years)  were  examined.  Fifty-three 
patients  suffered  from  Friedreich’s  ataxia  corresponding  to  the  clinical  criteria  of 
Barbeau  et  al.3'5  Four  patients  had  Marie's  spastic  ataxia;  51  patients,  late 
cerebellar  atrophies  of  different  etiology;  and  2  patients,  olivopontocerebellar 
atrophy. 

A  complete  computerized  tomography  was  carried  out  in  all  patients.  For 
analysis,  we  focused  on  pathological  widening  of  cerebral  and  cerebellar  cortical 
sulci  in  relation  to  a  vast  amount  of  normal  and  age-matched  values,  derived 
from  our  experience  with  nearly  30,000  patients. 

Furthermore,  we  measured  the  distances  of  internal  cerebrospinal  fluid 
spaces,  and  vermal  and  other  infratentorial  cisterns  (Figure  1).  Normal  values  for 
these  are  third  ventricle,  up  to  8  mm;  fourth  ventricle,  20  mm;  Evans  index,  up  to 
0.275;  and  cella  media  index,  up  to  0.240. 

According  to  Haubek,  an  atrophy  of  vermal  structures  is  diagnosed  when  four 
or  more  cross  furrows  are  clearly  visible  in  a  single  CT  slice,  and  an  atrophy  of 
the  cerebellar  hemispheres  if  more  than  two  furrows  are  to  be  seen.6 


Results 

Ten  of  the  53  patients  (19%)  with  Friedreich’s  ataxia  showed  an  additional 
atrophy  of  the  cerebral  cortex.  A  clearly  marked  atrophy  of  the  upper  vermis 
(culmen  and  declive)  or  of  the  paravermis  could  be  seen  in  the  CT’s  of  33  patients 
(62%)  of  the  Friedreich  group.  The  median  width  of  the  ventricles  and  the 
indices  were  in  the  normal  range  (Table  1);  the  diameter  of  the  fourth  ventricle 
was  more  than  20  mm  in  four  cases. 

When  comparing  the  41  patients  who  had  a  more  than  10  years  course  of  the 
disease  with  the  12  patients  who  had  a  more  recent  onset  of  their  symptoms,  an 
atrophy  of  the  cerebral  cortex  was  found  only  in  the  first  group.  Atrophies  of  the 
vermis  and  paravermis  clearly  are  more  frequent  in  the  longer-affecteu  group, 
i.e.,  76%  versus  17%  (Table  2). 

When  the  patients  were  compared  according  to  degree  of  disability  (patients 
who  needed  a  wheelchair  versus  those  who  could  walk),  a  difference  was  seen  in 
the  occurrence  of  cerebral  atrophies;  atrophies  of  the  vermis  and  paravermis 
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Table  l 

Distribution  and  Frequency  of  Atrophies  in  Patients 
with  Friedreich’s  Ataxia  (n  -  53) 


Cerebellum 

Enlarged  Cisterns 

Cerebral 

Vermis  and 

Dorsal  and  Lateral 

Cerebellopontine 

Cistema 

Cistema 

Cortex 

Paravermis 

Hemispheres 

Angle  Cistern 

Pontis 

Ambiens 

n  10 

33 

4 

0 

1 

0 

(19%) 

(62%) 

(8%) 

(2%) 

Table  2 

Distribution  and  Frequency  of  Atrophies  in  Two  Groups  of  Patients  with 
Friedreich’s  Ataxia  of  Different  Duration 


Cerebellum 

Enlarged  Cisterns 

Cerebral 

Cortex 

Vermis 

and 

Paravermis 

Dorsal  and 
Lateral 
Hemispheres 

Cerebello¬ 
pontine 
Angle  Cistern 

Cistema 

Pontis 

Cistema 

Ambiens 

Group  1*  (n) 

10 

(24%) 

4 

(10%) 

0 

1 

(2%) 

0 

Group  2f  (n) 

0 

2 

(17%) 

0 

0 

0 

0 

‘Group  1:  duration  >  10  years  (n  -  41;  average  age,  35  years). 
fGroup  2:  duration  <  10  years  (n  -  12;  averge  age,  18  years). 


Table  3 

Distribution  and  Frequency  of  Atrophies  in  Two  Groups  of  Patients  with 
Different  Disability  as  a  Result  of  Friedreich's  Ataxia 


Cerebellum 

Enlarged  Cisterns 

Cerebral 

Cortex 

Vermis 

and 

Paravermis 

Dorsal  and 
Lateral 
Hemispheres 

Cerebello¬ 
pontine 
Angle  Cistern 

Cistema 

Pontis 

Cistema 

Ambiens 

Group  1*  (n) 

8 

(22%) 

27 

(73%) 

3 

(8%) 

0 

1 

(3%) 

0 

Group  2f  (n) 

2 

(13%) 

6 

(38%) 

1 

(6%) 

0 

0 

0  1 

| 

‘Group  1:  wheelchair  (n  -  37;  average  age,  35  years). 
fGroup  2:  without  wheelchair  (n  -  16;  average  age,  24  years). 
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increased  from  38%  in  the  less  disabled  to  73%  in  the  more  disabled  patients 
(Table  3). 

Atrophies  of  the  vermis  and  paravermis  were  prominent  in  all  four  cases 
suffering  from  Marie’s  syndrome  and  included  the  dorsal  and  lateral  parts  of  the 
upper  cerebellar  hemispheres.  The  cerebral  cortex  was  not  involved  in  these 
four  patients;  the  fourth  ventricle  was  enlarged  in  one  case. 

As  far  as  late  cerebellar  atrophies  are  concerned  (17  alcoholic,  3  paraneoplas¬ 
tic,  5  diphenylhydantoin,  16  idiopathic,  and  10  different  other  origins),  25  of  these 
51  patients  (Table  4)  exhibited  an  atrophy  of  the  cerebral  cortex  in  addition  to  the 
cerebellar  process.  The  atrophic  process  of  the  posterior  fossa  showed  a  clear 
accentuation  of  the  paleocerebellum  in  the  alcoholic  cases.  In  all  the  other  cases, 
it  involved  the  vermis  and  paravermis  as  well  as  the  dorsal  and  lateral  parts  of 
the  upper  cerebellar  hemispheres.  Basal  cisterns  were  enlarged  more  often  than 


Table  4 


Distribution  and  Frequency  of  Atrophies  in  Two  Groups  of  Patients  with 
Cerebellar  Atrophies  (n  =  51) 


n 

Cerebral 

Cortex 

Cerebellum 

Enlarged  Cisterns 

Vermis  and 
Paravermis 

Dorsal  and 
Lateral 
Hemispheres 

Cerebello¬ 
pontine 
Angle  Cistern 

Cisterna 

Pontis 

Cisterna 

Ambiens 

Group  1* 

17 

15 

16 

7 

4 

3 

3 

(88%) 

(94%) 

(41%) 

(24%) 

(18%) 

(18%) 

Group  2f 

34 

10 

32 

27 

4 

4 

1 

(29%) 

(94%) 

(79%) 

(12%) 

(127'  1 

(3%) 

Group  1 

51 

25 

48 

34 

8 

7 

4 

+  Group  2 

(49%) 

(94%) 

(67%) 

(16%) 

(14%) 

(8%) 

‘Group  1:  alcoholic. 
fGroup  2:  others. 


in  the  other  (Friedreich's  or  Marie's  spastic  disease)  groups.  The  median  values 
of  the  measured  indices  were  higher,  and  the  width  of  the  third  ventricle 
averaged  up  to  5.5  mm— in  3  cases,  it  was  over  8  mm.  The  width  of  the  fourth 
ventricle  was  more  than  20  mm  in  7  cases. 


Discussion 

Greenfield,  Oppenheimer,  and  other  authors  repeatedly  have  claimed  that  at 
necropsy,  the  cerebellum  in  Friedreich's  ataxia  often  is  inconspicuous  macro- 
scopically,  whereas  degenerative  changes  of  Purkinje  cells  can  be  seen  micro- 
scopically.7'*  Contrary  to  the  above-mentioned  macroscopic  data  of  autopsy  cases, 
computed  tomography  in  situ  can  prove  a  marked  enlargement  of  the  outer 
cerebrospinal  fluid  spaces,  and  in  cases  of  Friedreich’s  ataxia,  especially  over  the 
paleocerebellum. 

CT,  therefore,  enables  us  to  differentiate  different  and  partially  characteristic 
types  of  atrophic  processes  in  the  posterior  fossa,  as  shown  for  three  different 
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Figurb  2.  CT  of  a  case  with  Friedreich’s  ataxia. 


groups: 

1.  In  Friedreich’s  ataxia  (Figure  2),  enlargements  of  the  subarachnoidal  space 
over  the  paleocerebellum  are  seen.  Lateral  parts  of  the  cerebellar  hemispheres 
are  not  involved.  Widenings  of  basal  cisterns  are  rare  and  not  typical.  Atrophies 
over  the  cerebral  cortex  may  appear  after  longer  duration  of  the  disease. 

2.  Symptomatic  and  late  cerebellar  atrophies  (Figure  3)  are  characterized  by  a 
ubiquitous  loss  of  substance  of  all  structures  in  the  posterior  fossa,  primarily  of 
the  paleocerebellum,  but  the  brain  stem  and  cerebellar  hemispheres  are 


Figure  3.  CT  in  late  cerebellar  ataxia. 


Rt- 
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involved  as  well.  In  alcoholic  cases,  the  atrophy  is  more  accentuated  over  the 
vermis  and  paravermis,  whereas  there  is  no  special  difference  between  the  other 
types  of  atrophy. 

3.  Four  patients  with  Marie’s  spastic  ataxia  (Figure  4)  were  examined  and 
could  be  differentiated  easily  from  the  above-mentioned  Friedreich’s  group.  In 
these  patients  with  Marie's  spastic  ataxia,  the  atrophy  involved  not  only  vermal 
and  paravermal  structures  but  spread  out  to  dorsal  and  lateral  parts  of  the  upper 
cerebellar  hemispheres  as  well,  corresponding  to  the  Holmes  type  of  cerebellar 
cortical  atrophy. 

CT  has  finally  proved  to  be  very  helpful  in  the  difficult  differentiation 
between  cerebellar  cortical  atrophy  of  the  Holmes  type  and  olivopontocerebellar 
atrophy  of  the  Menzel  type  (Figure  5).  The  entire  cerebellar  hemispheres  are 
atrophic,  with  accentuation  of  the  laterodorsal  neocerebellar  parts.  The  pons  is 


Figure  5.  CT  in  olivopontocerebellar  atrophy. 


narrowed,  the  fourth  ventricle  enlarged.  In  deep  slices,  the  cerebellar  tonsils 
diverge.  In  contrast  to  the  other  types  of  atrophy,  the  vermis  scarcely  is  affected. 

The  values  of  the  indices  did  not  provide  new  or  different  information,  so 
they  are  not  discussed  here. 


Summary 

Cranial  computerized  tomography  was  carried  out  in  110  patients  with 
cerebellar  ataxia  (53  with  Friedreich's  ataxia,  4  with  Marie’s  spastic  ataxia,  51 
with  cerebellar  atrophy,  and  2  patients  with  olivopontocerebellar  atrophy). 

In  CT  scans,  cerebellar  atrophies  are  found  to  be  of  various  localization  and 
partially  of  characteristic  distribution.  CT,  therefore,  greatly  helps  to  distinguish 
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different  types  of  cerebellar  and  spinocerebellar  atrophies  and  allows  the 
differentiation  of  cerebellar  atrophies  of  various  origins  from  other  diseases,  such 
as  multiple  sclerosis. 
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Introduction 

High  diving  from  a  board  or  tower  is  an  exhausting  sporting  event  that  has 
important  psychic  and  physical  effects.  Most  dives  are  performed  in  an  upside- 
down  head  and  body  position  combined  often  with  somersaults,  loops,  or  rotation 
around  the  person’s  axis.  The  orientation  of  the  speeding,  falling  subject  above 
and  under  water  places  very  high  demands  on  the  central  nervous  system  and 
particularly  on  the  vestibular  apparatus.  The  water-body  collision  is  a  crucial 
point  of  stress,  leading  to  repeated  head  blows  and  vertebral  column  compres¬ 
sions. 

The  combination  of  factors  that  can  influence  function  of  the  central  nervous 
system,  spine,  and  vestibular  apparatus  seems  to  be  unique,  and  has  not  been 
studied  before.  It  differs  from  the  mechanism  of  other,  at-first-sight  similar  sports 
or  professional  activities,  such  as  aerobatics,  trapese  acrobatics,  skydiving,  figure 
skating,  skateboarding,  wind  skating,  surfboarding,  wind  surfing,  ballet,  boxing, 
or  jumps  on  the  trampoline. 

The  purpose  of  our  study  was  to  investigate  possible  negative  influences  of 
board  and  tower  diving  on  the  central  nervous  system,  vertebral  column,  and 
vestibular  apparatus.  Owing  to  the  lack  of  space,  ophthalmological  findings — 
including  detailed  tear  examination/secretion,  pH  level,  sodium  and  potassium 
distribution/slit  lamp,  ophthalmoscopic  and  visual-field  controls,  and  electroreti- 
nography  as  well  as  otolaryngological  results  including  bacteriological  and 
audiological  controls,  audiometry,  and  tympanometry— are  not  incorporated  in 
this  study  and  will  be  published  elsewhere. 


Subjects  and  Methods 

Forty  divers  were  examined,  who  had  performed  thousands  of  dives  into 
water  from  different  heights  ranging  from  1  to  10  meters.  They  were  divided  into 
three  groups  according  to  the  intensity  of  training,  total  number  of  dives,  and 
length  of  the  active  diving  period  (Table  1).  Divers  were  studied  with  neurologic 
and  vestibular  examinations,  including  electroencephalography  (EEG),  electro¬ 
nystagmography  (ENG),  radiology  (x-ray),  and  otolaryngologic  and  ophthalmo¬ 
logic  examination.  The  battery  of  tests  was  carried  out  during  the  period  of  most 
intensive  training.  Controls  were  performed  pre-  and  posttraining  at  half-year 
intervals. 

Neurologic  examination  included  investigation  of  vertebral  motility  espe¬ 
cially  in  the  cervical  and  lumbosacral  regions.  EEG  examinations  were 

"Department  of  Ophthalmology. 
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Table  1 


Survey  of  Examined  Divers  According  to  Groups,  Age,  Sex, 
Intensity  of  Training,  Total  Number  of  Performed  Dives, 
and  Length  of  the  Active  Diving  Period 


Group* 

Divers 

Age 

(years) 

Monthly 

Training 

(hours)  Dives 

Dives 

1 

24 

7-16 

12-32 

200-700 

in  1  to  8  yean 

2,000-34,000 

2 

10 

13-19 

25-50 

600-1,100 

in  6  to  13  yean 

60,000-120,000 

3 

6 

20-68 

18-50 

500-1,000 

in  6  to  30  yean 

56,000-245,000 

‘Group  1.  children  and  teenagers  (5  male,  19  female).  Group  2,  representative  group 
(1  male,  9  female).  Group  3,  trainers  (2  male,  4  female). 


performed  on  an  eight-channel  electroencephalograph  (GRD)  by  the  ten-twenty 
system. 

Vestibular  examination  consisted  of  Hautant’s  arm  deviation,  and  stance  and 
gait  deviation.  ENG  recordings  were  made  by  means  of  horizontal  and  vertical 
leads  on  a  four-channel  Beckmann  Dynograph.  Spontaneous  and  gaze  nystag¬ 
mus  were  registered,  and  positional  and  positioning  tests  were  performed.  Each 
position  was  maintained  for  60  seconds.  Recordings  were  done  with  eyes  closed 
in  semidarkness  and  also  with  eyes  open  in  bright  light  with  optic  fixation. 
Thermal  tests  were  applied  according  to  Hallpike  and  Stahle.1 2  The  investigation 
was  performed  with  eyes  open  in  a  dark  room.  If  subjects  became  drowsy,  they 
were  alerted  with  mental  arithmetic.  The  results  were  evaluated  according  to 
Claussen's  butterfly  vestibulometry.3 

Optokinetic  nystagmus  (OKN)  was  elicited  in  both  horizontal  and  vertical 
directions  by  projecting  a  black  and  white  striped  pattern  rotating  at  75°  and  100° 
per  second  on  a  half-cylinder  screen.  Bfirany’s  rotational  test  was  applied  and 
postrotational  nystagmus  was  recorded.4  An  eye  tracking  test  (ETT)  was 
performed  using  a  moving  pendulum  to  elicit  continuous  pursuit.  On  being  set  in 
motion,  the  pendulum's  period  was  0.5  cycles  per  second.  The  amplitude  in  the 
frontal  plane  did  not  surpass  25°. 


Biomechanics  of  Forces  Acting  on  the  Head  and  Spine  in 
Board  and  Tower  Diving** 

The  greatest  overload  force  is  produced  when  the  falling  body  decelerates  in 
abont  the  upper  one  meter  of  water.  If  a  dive  is  performed  correctly,  water  is 
struck  by  the  stretched  arms  and  the  head,  and  flows  smoothly  around  the 
penetrating  body.  The  force  that  then  acts  on  the  head,  for  example,  can  be 
expressed  by  a  simple  equation  F  -  m  •  g  •  h,  in  which  m  stands  for  the  weight  of 
the  head,  g  for  the  overload  force,  and  h  for  the  height  of  the  dive  (in  meters).  If, 
however,  the  dive  is  performed  incorrectly  and  the  main  collision  lands  on  the 
face  or  occiput,  the  pressure  dynamics  change  according  to  the  equation  F  - 
m  •  g  •  h  -  c  •  v2,  in  which  c  is  the  constant  of  resistance  offered  by  water  to  the 
penetrating  body.  This  force  acts  in  a  counter  direction  to  the  movement  of  the 
body.  It  depends  on  the  landing  velocity  v  and  increases  proportionately  to  its 
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square.  It  acts  upon  the  individual  body  organs  only  partially— by  a  force 
corresponding  to  the  proportion  of  the  organ  surface  to  the  total  collision¬ 
damping  surface.  Even  if  the  dive  is  perfect,  the  striking  force  on  the  head  and 
the  cervical  spine  of  a  person  of  50  kg  body  weight  diving  from  a  10-m  tower 
reaches  a  value  of  up  to  5,000  newtons. 

Results 

Neurological  Findings 

Twenty-four  divers— children  and  teenagers— in  the  first  group  admitted  that 
they  try  to  suppress  their  subjective  complaints,  such  as  lightheadedness,  head¬ 
ache,  instability,  blurring  of  vision,  or  giddiness,  following  intensive  training.  The 
majority  of  divers  of  the  second  and  third  groups  suffered  from  pain  in  the 
cervicocranial  as  well  as  the  lumbosacral  region  or  in  the  shoulders.  On 
neurological  examination  there  was  reduced  motility  of  the  cervical  spine  in  27 
out  of  the  total  of  40  divers  (67.5% ).  In  13  of  these  27,  there  was  reduced  ability  to 
incline  the  head  to  both  sides;  and  in  4  of  them,  this  was  only  unilateral.  Rotation 
blockade  was  present  in  19  of  the  examined  subjects:  it  was  unilateral  in  7  of 
them  and  bilateral  in  12.  Reduced  motility  in  the  lumbosacral  region  was  present 
in  9  divers.  Eight  of  these  suffered  simultaneously  from  cervical  blockade.  Three 
divers  had  reduced  motility  of  the  humeroscapular  joint.  Scoliosis  was  present  in 
19  out  of  the  40  divers  (47.5%). 


Vestibuio-Ocular  Findings 

Spontaneous  nystagmus  with  eyes  open  and  closed  was  found  in  4  divers 
(Table  2);  in  another  8  subjects,  it  was  present  only  with  closed  eyes.  Gaze 


Table  2 


Survey  of  Incidence  of  Vestibuio-Ocular  Abnormalities 


Group  1 

Group  2 

Group  3 

Nystagmus 

a.  spontaneous 

4 

6 

2 

b.  gaze 

9 

6 

1 

c.  positional 

15 

3 

6 

Caloric 

a.  hyperreflexia 

9 

6 

2 

b.  hyporeflexia 

5 

1 

2 

c.  directional 

preponderance 

1 

2 

2 

Rotational 

a.  hyperreflexia 

9 

6 

2 

b.  hyporeflexia 

2 

1 

1 

OKN 

4 

6 

4 

Tracking  Eye 

Movements 

3 

1 

— 

Other 

Abnormalities 

5 

1 

— 
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nystagmus  was  found  in  16  divers  (40%),  and  positional  nystagmus  in  24  (60%). 
Of  these  24,  both  positional  and  positioning  nystagmus  were  present  in  14  cases, 
positional  nystagmus  alone  in  6  cases,  and  positioning  nystagmus  alone  in  4 
cases. 

Caloric  and  rotational  hyperresponsiveness  appeared  in  17  (42.5%):  in  11,  it 
was  symmetrical;  and  in  6,  asymmetrical.  In  4  of  these  17,  the  response  was 
dysrhythmic  during  alertness.  Hypoexcitability  was  found  in  8  cases;  it  was 
bilateral  in  4  of  them.  In  only  4  cases  was  there  a  hypoexcitable  response  during 
the  rotational  test.  Directional  preponderance  was  present  in  5  examined  divers: 
it  was  of  the  peripheral  type  in  3,  and  of  central  origin  in  2. 

An  impaired  optokinetic  response  was  present  in  14  cases  (35%).  In  9  divers, 
we  found  irregular  OKN:  it  was  irregular  and  asymmetrical  in  4,  and  irregular 
and  symmetrical  in  5.  In  5  other  divers,  OKN  was  regular  but  asymmetrical, 
because  of  the  influence  of  directional  preponderance.  Eye  tracking  was 


Table  3 


Survey  of  EEG  Findings  in  All  Three  Groups  of  Examined  Divers 


Group 

Divers 

Normal 

Atypical 

Abnormal 

Focal  Irritation 

General  Yes  No 

1 

24 

12 

4 

1 

6 

1 

2 

10 

4 

2 

1 

1 

2 

3 

6 

1 

2 

2 

— 

1 

Total 

40 

17 

8 

4 

7 

4 

impaired  in  5  subjects,  in  that  smooth  eye  movements  were  interrupted  by 
nystagmic  jerks. 

Summarizing  the  vestibular  findings,  we  found  evidence  for  peripheral 
vestibular  disease  in  11  (27.5%)  and  central  vestibular  disease  in  19  (47.5%)  of  the 
examined  divers. 


EEG  Findings 

Atypical  changes  in  the  EEG  records  consisted  of  low-voltage  theta  waves 
distributed  irregularly  over  the  brain  surface  (see  Table  3).  The  generalized 
abnormality  consisted  of  theta  waves  or  of  paroxysmal  bursts  of  alpha  or  theta 
waves.  In  locally  abnormal  EEG  records,  foci  of  sharp  alpha  waves  or  spikes 
were  present,  localized  in  the  majority  of  cases  in  the  temporal  or  parieto¬ 
occipital  region.  Most  of  the  focal  EEG  abnormalities  were  found  in  children. 


X-Ray  Findings 

In  the  first  group,  we  found  functional  vertebral  changes  in  79%  of  the  divers, 
whereas  disc  lesions  or  spondylotic  deformities  were  not  seen  in  any  of  them  (see 
Table  4).  In  the  second  group,  functional  vertebral  involvement  was  present  in 
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Table  4 


Survey  of  X-Ray  Findings  in  All  Three  Groups  of  Examined  Divers 


Group  1 

Group  2 

Group  3 

Discopathy 

— 

7 

5 

Spondylosis 

Deformans 

6 

5 

Scoliosis 

5 

7 

4 

Occiput-Atlas 

Dislocation 

2 

3 

2 

Atlas- Axis 

Dislocation 

6 

3 

2 

Anteflexion 

Irregularities 

4 

4 

3 

Rotational 

Synkinesis 

Irregularities 

19 

9 

5 

90%;  and  in  the  third  group,  in  50%.  Simultaneously  with  the  above-described 
functional  involvement,  discogenic  and  spondylotic  changes  were  present  in 
70%  of  high  divers  and  in  83%  of  examined  trainers.  Functional  vertebral 
involvement  following  repeated  injuries  led  to  structural  changes  of  the  cervical 
spine. 

A  survey  of  the  incidence  of  EEG,  x-ray,  and  vestibulo-ocular  abnormalities 
of  the  examined  divers  can  be  found  in  Table  5.  The  combination  of  EEG  and 
x-ray  abnormalities  was  present  only  in  3  cases  in  the  first  group.  The  combined 
occurrence  of  x-ray  and  vestibulo-ocular  abnormalities  was  observed  in  17 
subjects.  The  combination  of  EEG,  x-ray,  and  vestibulo-ocular  abnormalities  was 
found  in  17  examined  divers  (first  group,  in  33.2%;  second  group,  in  50%;  third 
group,  in  66.4%).  An  increasing  number  of  abnormalities  is  dependent  on 
increased  demands  on  the  divers. 


Discussion 

Board  and  tower  dives  can  be  divided  into  five  different  phases;  concentra¬ 
tion,  jump,  water-body  collision,  diving,  and  relaxation.  The  divers’  concentra¬ 
tion  comprises  increased  muscle  tension,  decreased  intrathoracic  pressure  due  to 
hyperventilation,  and  increased  vertebral  column  motility  due  to  prejump  train¬ 
ing.  During  the  jump,  muscle  tension  together  with  the  vertebral  column  motility 


Table  5 


Survey  of  Incidence  of  EEG,  X-Ray,  and  Vestibulo-ocular  Abnormalities 
in  All  Three  Groups  of  Examined  Divers 


Group  1 

Group  2 

Group  3 

EEG  4  X-Ray 

3 

_ 

_ 

Vestibulo-Ocular  4  X-Ray 

10 

5 

2 

EEG,  X-Ray  4  Vestibulo-Ocular 

8 

5 

4 

Normal 

3 

_ 

_ 

Total 

24 

10 

6 
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is  increased  greatly.  Intrathoracical  pressure  is  elevated  because  of  breath 
holding.  Congestion  of  the  cerebral  vessels  follows  immediately,  influenced  by 
gravity,  overload  of  the  falling  body,  and  upside-down  head  and  body  position. 
Water-body  collision  is  accompanied  in  addition  by  water-head  blows  and 
vertebral  column  compression.  Diving  is  followed  either  by  decreasing  muscle 
tension  and  vertebral  column  decompression  or  by  continuous  muscle  spasms  if 
the  jump  was  not  performed  correctly.  Relaxation  includes  decreased  intratho¬ 
racical  pressure  because  of  hyperventilation  above  water  level  as  well  as 
cerebral  vessel  decongestion  due  to  erect  head  and  body  position. 

The  third  phase— water-body  collision— seems  to  be  the  most  important  from 
the  point  of  view  of  development  of  postjump  vestibular,  central  nervous  system, 
and  spinal  disorders. 

Subjective  complaints  and  objective  findings  in  divers  are  directly  dependent 
on  the  training  intensity  and  on  the  total  number  and  quality  of  the  performed 
dives.  Incorrect  dives  are  followed  by  increased  frequency  of  the  subjects’ 
complaints  as  well  as  by  early  functional  and  organic  disorders. 

The  etiopathogenic  factors  are  numerous:  upside-down  head  and  body 
position  in  diving,  acceleration  due  to  gravity  and  to  high  overload  of  the  falling 
body,  which  is  directly  proportional  to  the  depth  of  the  board  or  tower  dive, 
reoeated  changes  in  linear  acceleration  and  rotational  stimuli  elicited  by  somer- 

^its  and  loops,  the  water-body  collision,  the  rapid  body  deceleration  due  to 
water-column  resistance,  fluctuation  of  the  intrathoracical  pressure  due  to 
hyperventilation  and  breath  holding,  irritation  of  cervical  sympathetics  due  to 
movements  of  the  cervical  spine  caused  either  by  correct  or  incorrect  dives.  All 
these  factors  necessitate  rapid  fluctuations  of  the  blood  supply  in  the  central 
nervous  system— congestion,  decongestion,  or  even  spasm— which  are  responsi¬ 
ble  for  reversible  or  irreversible  changes.  Even  motility  involvement  in  the 
lumbosacral  region  and  scoliosis  may  contribute  to  the  impairment  of  vestibular 
functions.7-* 

The  high  incidence  of  vestibular  abnormalities  in  divers  of  all  three  groups  is 
striking  (75%  !)  and  could  be  explained  as  a  real  sequel  of  repeated  injuries  to  the 
central  nervous  system  and  the  cervical  spine,  and  to  disorders  of  blood  supply  in 
vertebral  vessels  influenced  by  the  autonomous  nervous  system. 

Peripheral  vestibular  syndromes  were  found  mostly  after  water-head  blows 
due  to  incorrectly  performed  dives.  Central  vestibular  syndromes  were  observed 
mainly  in  divers  who  had  experienced  strong  water-head  blows  several  months 
or  years  before. 

Vestibular  pathologies  never  were  accompanied  by  vertigo.  Frequent  subjec¬ 
tive  complaints  about  headache  and  blurring  of  vision  and  alteration  of  the 
optokinetic  response  and  eye  tracking  movements  together  with  numerous  EEG 
abnormalities  suggest  the  presence  of  brain  microinjuries,  the  prestate  of  brain 
concussions.^"  It  is  evident  that  the  repeated  water-body  collisions  are  responsi¬ 
ble  also  for  cervical  and  lumbosacral  functional  or  later  structural  pathologies. 
We  did  not  prove  any  topical  neurologic  findings  or  loss  of  consciousness  after 
performed  dives.  None  of  the  subjects  suffered  from  brain  concussion,  acute 
prolapse  of  the  intervertebral  disc,  or  bone  fracture. 


Conclusion 

Because  of  the  complicated  mechanism  of  board  and  tower  diving,  the 
vestibular  apparatus,  central  nervous  system,  and  vertebral  column  particularly 
are  prone  to  be  affected  most  frequently. 
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1.  Vestibular  lesions— some  peripheral,  but  most  central— were  the  first 
symptoms  indicating  pathological  response  of  the  central  nervous  system  to  a 
high  intensity  of  training. 

2.  Beside  the  peripheral  and  central  vestibular  pathologies,  EEG  abnormali¬ 
ties  and  alteration  of  OKN  response  and  ETT  as  well  as  such  subjective 
complaints  as  headache,  lightheadedness,  giddiness,  and  blurring  of  vision  are 
sequels  of  repeated  diving  probably  due  to  mild  brain  microinjuries. 

3.  Irregularities  of  mutual  occiput-atlas  and  atlas-axis  relations,  anteflexion 
irregularities,  and  rotational  synkinesis  involvements  could  be  explained  as 
functional  disorders  of  the  cervical  spine  preceding  organic  vertebral  changes. 

These  changes  appear  to  be  dependent  on  the  rapid  and  repeated  falls  into 
water,  water-head  and  water-body  collisions,  vertebral-column  compressions 
and  decompressions,  muscle  spasms,  and  irregularities  in  the  blood  supply  of  the 
central  nervous  system. 
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Introduction 

The  ability  to  fix  the  eyes  on  a  target,  visual  fixation,  is  important  for  the 
maintenance  of  equilibrium.  Gaze  nystagmus  and  saccadic  pursuit  eye  move¬ 
ment  are  seen  often  in  clinical  cases  with  disturbance  of  visual  fixation. 
Measurement  of  visual  suppression  is  one  technique  to  examine  visual  fixation.1 
Demanez  et  al.  and  Hart  measured  visual  fixation  by  comparing  the  amplitude 
and  frequency  of  caloric  nystagmus  with  eyes  closed  and  with  eyes  open.2-’  They 
called  this  measure  the  “ocular  fixation  index." 

Lesions  that  affect  visual  fixation  are  of  theoretical  and  clinical  interest. 
Alpert  reported  that  a  failure  of  fixation  is  highly  correlated  with  posterior  fossa 
lesions.4  In  accord  with  this,  visual  suppression  of  caloric  nystagmus  was  reduced 
or  abolished  by  cerebellar  lesions.1,5  In  contrast,  visual  suppression  of  caloric 
nystagmus  was  altered  after  brain-stem  lesions,  especially  after  pontine  lesions.5 
In  these  cases,  there  was  augmentation  rather  than  reduction  of  caloric  nystag¬ 
mus  in  light.  The  purpose  of  this  paper  is  to  illustrate  visual  suppression  of  caloric 
nystagmus  after  brain-stem  lesions  and  to  clarify  the  mechanism  of  loss  of  visual 
suppression  and  augmentation  of  caloric  nystagmus  in  light. 


Methods 

Thirty-nine  patients  with  brain-stem  lesions  were  studied  (Table  1,  left  side). 
Horizontal  and  vertical  eye  movements  were  recorded  by  electro-oculography 
(EOG)  using  Ag-AgCl  electrodes.  The  time  constant  for  eye-movement  record¬ 
ings  was  3.0  seconds  and  for  eye-velocity  recordings,  0.03  seconds.  Direct-current 
recordings  were  used  in  some  cases  to  study  the  relationship  between  eye 
position  and  nystagmus.  Eye  movements  were  differentiated  to  obtain  eye 
velocity,  and  quick-phase  velocity  was  rectified  to  obtain  slow-phase  velocity. 
Upward  pen  deflections  in  the  figures  indicate  eye  movements  to  the  right  and 
upward. 

During  testing,  subjects  lay  on  a  bed  with  their  heads  raised  30°.  The 
examiner's  index  finger  was  held  50  cm  above  the  subjects  as  the  point  on  which 
they  were  to  fix  their  eyes.  Twenty  milliliters  of  water,  generally  at  20°C,  were 
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Table  l 


Brain-Stem  Lesions  and  Visual  Suppression 


Ipsilateral  Nystagmus 

Contralateral  Nystagmus 

Reduced 

Normal 

Reduced 

Normal 

Augmented 

Visual 

Visual 

Augmented 

Visual 

Visual 

Nystagmus 

Sup- 

Sup- 

Nystagmus 

Sup- 

Sup- 

in  Light* 

pression 

pression 

in  Light* 

pression 

pression 

I.  Midbrain  Lesions 

(9  cases) 

Pinealoma 

9 

9 

II.  Pontine  Lesions 

(22  cases) 

a.  Glioma  (6  cases) 

1.  Unilateral 

(PPRF  lesion, 
etc.)  (4  cases) 

4 

2 

2 

2.  Bilateral 

(2  cases) 

2 

2 

b.  Vascular  le- 

sions 

(13  cases) 

1.  MLF  syn- 

drome 
(5  cases) 

2 

i 

2 

1 

2 

2 

2.  Millard- 

Gubler 

syndrome 
(3  cases) 

3 

3 

3.  Others 

(5  cases) 

4 

i 

1 

1 

3 

c.  Multiple 

sclerosis 
(2  cases) 

_2 

_i 

2 

1 

Pontine  le¬ 
sions  total 

17 

3 

2 

4 

10 

8 

III.  Medullary  Lesions 

(8  cases) 
a.  Wallenberg 

syndrome 
(4  cases) 

2 

2 

1 

3 

b.  Syringobulbia 
(1  case) 

C.  Others 

1 

1 

(3  cases) 

3 

3 

Medullary  le- 

sions  total 

2 

6 

1 

7 

*  Altered  visual  suppression. 


£- 


I 


used  to  irrigate  the  external  auditory  canal  during  a  20-second  period  in  light 
with  eyes  covered.  The  room  lights  were  turned  off  for  30-45  seconds.  During  this 
time,  slow-phase  velocity  of  caloric  nystagmus  reached  a  maximum.  The  lights 
then  were  turned  on  for  5-10  seconds  with  eyes  open,  and  the  subject  watched 
the  examiner’s  index  finger.  In  normal  individuals,  this  causes  immediate 
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suppression  of  nystagmus,  and  slow-phase  eye  velocity  drops.  At  the  end  of  this 
period,  the  room  lights  were  turned  off  again  and  the  eyes  were  covered  until  the 
end  of  caloric  nystagmus  (Figure  1). 

Visual  suppression  of  caloric  nystagmus  was  determined  by  measuring  mean 
slow-phase  velocity  during  the  last  10  seconds  in  darkness  (a)  and  comparing  it  to 
slow-phase  velocity  in  light  with  eyes  open  (b). 

Visual  Suppression  (%)  -  [(a  -  b)/a]  x  100 


Results 

The  results  are  summarized  in  Table  1.  Illustrative  cases  will  be  presented. 


rr  i  i  ii  i  i  i  ii  ,  i  i  m  i  . . .  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  i  ttttt' m 

A 


dark  light  dark  dark  light  dark 


Figure  1.  Visual  suppression  in  normal  adult.  A:  caloric  nystagmus  to  the  left.  B:  caloric 
nystagmus  to  the  right.  The  top  traces  show  the  time  base  at  1  mark/second.  The  second 
traces  are  eye-movement  recordings;  time  constant,  3.0  seconds;  calibration,  10°.  The  third 
traces  are  eye-velocity  recordings;  time  constant,  0.03  second;  calibration,  20°/second.  The 
fourth  traces  are  slow-phase-velocity  recordings;  calibration,  20°/second.  a:  mean  slow- 
phase  velocity  of  caloric  nystagmus  in  darkness,  b:  mean  slow-phase  velocity  of  caloric 
nystagmus  in  light  with  eyes  fixed  on  a  target.  Visual  suppression  is  normal. 


Case  1 

A  33-year-old  male  complained  of  tinnitus  of  both  ears  and  numbness  of  the 
left  extremities,  which  gradually  increased  over  10  days.  There  was  gaze 
nystagmus  to  the  right  and  horizontal  positional  and  positioning  nystagmus  to  the 
right  on  first  examination  (March  22,  1980).  On  March  27,  an  abducens  palsy  of 
the  right  eye  was  noted.  On  March  31,  conjugate  gaze  paralysis  to  the  right  was 
seen.  A  right  paramedian  pontine  reticular  formation  (PPRF)  lesion  was 
suspected.  Computerized  tomography  suggested  that  the  lesion  was  a  pontine 
glioma.  After  radiotherapy,  the  gaze  paralysis  disappeared  gradually. 
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Figure  3.  Case  2.  A,  B,  a,  b,  and  c  as  in  Figures  1  and  2.  Right  Millard-Gubler  syndrome. 
Visual  suppression  of  caloric  nystagmus  to  the  left  is  reduced  (38%).  Visual  suppression  of 
caloric  nystagmus  to  the  right  is  abolished  (-3%),  and  caloric  nystagmus  is  augmented  in 
light. 


Initially,  visual  suppression  of  caloric  nystagmus  to  the  right  was  altered  in 
this  patient,  in  that  caloric  nystagmus  was  augmented  in  light  (Figure  2B).  Visual 
suppression  of  caloric  nystagmus  to  the  left  was  normal  (Figure  2A).  Visual 
suppression  became  normal  with  the  improvement  of  the  gaze  paralysis. 


Case  2 

A  48-year-old  male  was  giving  a  lecture  in  a  university  in  Tokyo  on  May  20, 
1980,  when  he  suddenly  felt  sick  and  had  a  severe  headache.  He  had  instability 
of  the  left  side  when  he  moved  his  left  hand  and  leg.  On  examination,  he  had  a 
right  facial  palsy  and  a  contralateral  (left)  hemiplegia.  A  vascular  lesion  of  the 
right  pons  was  suspected  (Millard-Gubler  syndrome). 

Visual  suppression  of  caloric  nystagmus  to  the  right  was  abolished,  and 
caloric  nystagmus  was  augmented  slightly  in  light  (Figure  3B).  Visual  suppres¬ 
sion  of  leftward  caloric  nystagmus  was  reduced  somewhat  (Figure  3A). 


Case  3 

A  17-year-old  girl  complained  of  hypesthesia  of  the  right  side  of  the  face, 
double  vision,  and  a  gait  disturbance  that  appeared  gradually  over  one  month. 
On  examination,  there  was  an  abducens  palsy  in  the  right  eye,  right  facial  palsy, 
impairment  of  facial  sensation  on  the  right,  and  hemiplegia  on  the  left.  These 
symptoms  disappeared  gradually  while  the  patient  was  receiving  steroid 
hormonal  therapy.  The  numbness  of  the  contralateral  extremities  reappeared 
three  months  later.  Again,  the  numbness  disappeared  while  she  was  receiving 
steroids.  Multiple  sclerosis  was  suspected. 

Visual  suppression  of  caloric  nystagmus  to  the  right  was  altered,  and  caloric 
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nystagmus  was  augmented  in  light  (Figure  4B).  There  also  was  less  visual 
suppression  of  caloric  nystagmus  to  the  left  than  in  normals  (Figure  4A).  (The 
right  eye  had  paralysis  of  abduction  due  to  the  abducens  palsy;  therefore,  visual 
suppression  was  tested  by  recording  the  left  eye.) 

Discussion 

Caloric  nystagmus  is  almost  the  same  in  light  as  in  darkness  in  patients  with 
diffuse  cerebellar  lesions,  e.g.,  spinocerebellar  degeneration.  After  unilateral 
flocculus  lesions  in  rhesus  monkeys,  visual  suppression  of  caloric  nystagmus  to 
the  ipsilateral  side  was  reduced  and  visual  suppression  of  caloric  nystagmus  to 
the  contralateral  side  was  normal.6  After  bilateral  flocculus  lesions,  visual 
suppression  of  caloric  nystagmus  was  abolished  bilaterally.7  Visual  suppression 
was  reduced  bilaterally  after  nodulus  lesions.7  Lesions  of  other  parts  of  the 
cerebellum  did  not  affect  visual  suppression  of  caloric  nystagmus  in  rhesus 
monkeys.7  Thus,  after  cerebellar  lesions,  visual  suppression  either  was  not 
affected  or  was  reduced  or  abolished,  and  caloric  nystagmus  never  showed 
augmentation  in  light.6 


f 


A 


B 


1 


Figure  4.  Case  3.  Multiple  sclerosis  (right  pontine  lesion).  A  and  B  as  >r  TV  re  1.  a: 
eye-movement  recordings  of  the  right  eye;  time  constant  3.0  seconds,  calibrat.  JO  mV.  b: 
eye-velocity  recordings  of  the  right  eye;  time  constant,  0.03  second;  calibration,  100  mV.  k 
eye-movement  recordings  of  the  left  eye;  time  constant  3.0  seconds;  calibration,  10s.  d; 
eye-velocity  recordings  of  the  left  eye;  time  constant  0.03  second;  calibration,  20°/second. 
k  slow-phase-velocity  recordings  of  caloric  nystagmus  to  the  left  calibration,  20°/second. 
The  right  eye  has  the  abducens  palsy.  Visual  suppression  of  caloric  nystagmus  to  the  left  is 
reduced  (25%).  Visual  suppression  of  caloric  nystagmus  to  the  right  is  abolished,  and  there 
is  augmentation  of  caloric  nystagmus  in  light  (-14%). 
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Visual  suppression  was  normal  in  the  patients  after  midbrain  lesions 
(Table  1).  After  medullary  lesions,  two  cases  of  Wallenberg  syndrome  showed 
reduced  visual  suppression  of  caloric  nystagmus  to  the  ipsilateral  side.  This  might 
be  caused  by  an  influence  of  the  lesiohs  on  the  pons  in  the  acute  stage  of  the 
illness. 

On  the  other  hand,  after  pontine  lesions,  augmentation  of  caloric  nystagmus 
to  the  ipsilateral  side  with  reduced  visual  suppression  was  common,  being 
present  in  19  of  22  cases.  Augmentation  of  caloric  nystagmus  to  the  contralateral 
side  in  light  also  was  present  in  4  cases.  It  was  milder  than  augmentation  of 
ipsilateral  caloric  nystagmus  and  disappeared  gradually  with  improvement  of 
symptoms  as  visual  suppression  of  contralateral  caloric  nystagmus  became 
normal.  Thus,  lesions  of  the  pons  have  a  different  effect  on  visual  suppression 
than  do  cerebellar,  midbrain,  or  medullary  lesions. 

Alertness  and  eye  position  are  very  important  in  evoking  nystagmus,  and  they 
were  studied  to  clarify  the  phenomenon  of  augmentation  of  caloric  nystagmus  in 
light  in  pontine  lesions.  To  maintain  alertness,  subjects  counted  numbers  back¬ 
ward  from  100  to  0  during  the  test.  The  left  side  of  Figure  5  shows  typical 
augmentation  of  caloric  nystagmus  in  light  as  described  previously  (dark  1,  light 
1,  visual  suppression  —41%).  However  when  counting  backward  (right  side  of 
Figure  5),  the  slow-phase  velocity  of  caloric  nystagmus  in  darkness  became 

larger  (99,  98,  98 . dark  2).  In  this  condition,  there  was  a  reduction  of  25% 

when  the  subject  attempted  to  fix  the  target  (compare  dark  2  with  light  2).  Thus, 
after  correcting  for  alertness,  25%  might  be  the  correct  percent  of  visual 
suppression.  In  this  case,  a  lower  level  of  alertness  in  darkness  probably  was 
responsible  for  the  augmentation  of  caloric  nystagmus  in  light. 

Eye  position  also  is  known  to  have  an  effect  on  slow-phase  velocity  of 
nystagmus.  Fourteen  normal  adults  were  tested  to  examine  the  influences  of  eye 
position  on  caloric  nystagmus.  When  the  eyes  were  deviated  10°  in  the  quick- 
phase  direction,  the  slow-phase  velocity  of  caloric  nystagmus  increased  by  1.4°  ± 
1.3°/second.  When  the  eyes  were  deviated  10°  in  the  slow-phase  direction,  the 
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Figure  5.  Alertness  and  caloric  nystagmus  (right  pontine  glioma),  a,  b,  and  c  as  in  Ficurb 
2.  Visual  suppression  of  caloric  nystagmus  to  the  left  was  -41%  (dark  1,  light  1).  When  the 
subject  was  told  to  count  numbers  from  100  to  0,  the  caloric  nystagmus  became  stronger 
(dark  2),  and  the  visual  suppression  was  25%  (dark  2,  light  2).  (See  text  for  details.) 
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Figure  6.  Eye  position  and  caloric  nystagmus.  A,  B,  a,  b,  and  c  as  in  Figures  1  and  2. 
When  the  eyes  deviated  to  the  direction  of  the  slow  phase,  caloric  nystagmus  was  strongly 
inhibited.  Caloric  nystagmus  was  augmented  with  eye  deviation  to  the  direction  of  the 
quick  phase.  In  trace  a,  Rt  50°  and  Lt  67°  indicate  that  the  eyes  deviated  50°  to  the  right  and 
67°  to  the  left.  The  traces  in  a  are  d.c.  recordings  ot  eye  movements. 


velocity  of  the  slow  phases  of  caloric  nystagmus  was  reduced  by  4.1°  ±  2.0°/ 
second.  Thus,  there  was  a  reduction  in  the  slow-phase  velocity  of  caloric 
nystagmus  caused  by  eye  deviation  in  the  slow-phase  direction,  and  eye  velocity 
was  larger  when  the  eyes  were  deviated  in  the  quick-phase  direction.  This  is 
more  apparent  with  larger  deviations  of  the  eyes  (FIGURE  6). 

The  paramedian  zone  of  the  pontine  reticular  formation  (PPRF)  is  known  to 
be  important  for  horizontal  eye  movements  and  gaze  deviations.  PPRF  lesions 
cause  ipsilateral  paralysis  of  gaze  and  an  absence  of  quick  phases  to  the 
ipsilateral  side.*"10  Therefore,  the  eyes  are  held  constantly  to  the  contralateral 
side  after  this  lesion. 

As  shown  in  Figure  1,  there  was  no  eye  deviation  in  darkness  in  normal 
subjects.  The  patient  of  Figure  2  had  a  small  lesion  of  the  right  PPRF.  Quick 
phases  were  impaired  to  the  right  side  after  the  right  PPRF  lesion,  and  the  eyes 
deviated  to  the  contralateral  (left)  side  in  darkness.  This  is  shown  in  Figure  2B. 
The  eyes  deviated  to  the  left,  i.e.,  to  the  contralateral  side,  in  darkness  (**),  and 
they  moved  to  the  midposition  when  the  subject  attempted  to  fixate  on  the 
examiner’s  index  finger  when  the  lights  were  turned  on  (*).  Although  the  EOG 
recordings  in  Figure  2  were  not  d.c.  coupled,  the  initial  movement  of  the  eyes  in 
light  can  be  seen.  In  darkness,  the  eye  deviation  to  the  contralateral  side  caused 
strong  suppression  of  caloric  nystagmus.  When  the  lights  were  turned  on  to  test 
visual  suppression,  however,  the  eyes  moved  to  the  center  to  enable  the  patient  to 
fix  his  eyes  on  the  examiner's  index  finger.  This  movement  was  in  the  quick- 
phase  direction.  It  enabled  the  patient  to  have  larger  nystagmus,  leading  to 
augmentation  of  slow-phase  eye  velocity  in  light.  Similar  augmentation  of  caloric 
nystagmus  in  light  also  was  seen  with  eyes  deviated  to  the  side  contralateral  to 
the  lesion  in  Figures  2-4  (*).  Thus,  in  pontine  lesions,  both  alertness  and  eye 
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position  seem  to  be  very  important  in  causing  augmentation  of  caloric  nystagmus 
in  light. 


Conclusion 

Caloric  nystagmus  to  the  side  ipsilateral  to  the  lesion  was  augmented  in  light 
after  pontine  lesions.  The  augmentation  of  caloric  nystagmus  in  light  seemed  to 
be  caused  by  two  factors,  an  enhancement  of  the  level  of  alertness  and  a  change 
in  eye  position  that  reduced  the  paresis  of  quick  phases.  Visual  suppression  of 
caloric  nystagmus  was  normal  after  midbrain  lesions  and  was  affected  only 
minimally  after  medullary  lesions. 
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THE  ROLE  OF  THE  PLANTAR  MECHANORECEPTOR 
IN  EQUILIBRIUM  CONTROL 


Isamu  Watanabe  and  Jin  Okubo 
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Tokyo  113,  Japan 


Several  methods  for  observing  body  equilibrium  or  postural  reflexes  have 
been  developed  recently:  the  statokinesimeter,  three-point  suspension,  the 
pedoscope,  and  gravigoniometry  of  the  sway  of  the  center  of  gravity.1"4  Studies 
utilizing  these  methods  are  now  actively  under  way.  In  the  past  several  years,  we 
have  engaged  in  studies  of  body  sway  in  order  to  determine  how  it  is  controlled. 
We  have  reported  that  body  sway  in  a  dark  field  is  different  from  that  in  a  bright 
field  with  eyes  open  and  eyes  closed.  It  is  more  valuable  to  observe  labyrinth 
disturbances  in  a  dark  field.*  It  also  has  been  reported  that  breathing  and  position 
of  the  feet  have  considerable  influence  on  the  test  results.'  Many  other  factors 
besides  these  control  body  sway. 

When  a  person  stands  on  two  feet,  he  feels  weight  resistance  on  the  plantar 
surface,  but  little  is  known  yet  about  how  plantar  mechanoreceptors  influence 
body  sway.  Adrian  stated  on  the  basis  of  his  electrophysiological  experimentation 
that  the  plantar  and  palmar  sensory  receptors  have  slower  adaptation  than  do 
other  sensory  organs.7-'  This  agrees  well  with  the  idea  that  the  plantar  and  palmar 
sensory  receptors  should  be  slow  in  adapting.14"1* 

We  developed  a  method  for  adding  weight  resistance  to  the  plantar  mecha¬ 
noreceptors,  and  have  studied  body-sway  control  mechanisms.  These  findings 
are  reported  in  this  paper. 


Methods 

Figure  1  shows  the  device  developed  for  measurement  of  the  sway  of  the 
center  of  gravity.  The  block  diagram  shows  that  differences  in  orbits  caused  by 
differences  in  weight,  as  well  as  differences  in  the  area  of  the  center  of  gravity 
caused  by  height  differences,  could  be  adjusted  automatically  or  manually  at 
each  measuring  meter.  For  plantar-mechanoreceptor  stimulation,  we  prepared 
three  transparent  plates  overlaid  with  shotgun  balls  2  mm  in  diameter  placed  at 
distances  of  1,  1.5,  or  2  cm.  The  shotgun  balls  protrude  about  1  mm  from  the 
surface  of  the  plate,  which  was  placed  on  a  goniometer.  The  subjects  stood  on  the 
plate  for  measurement  of  body  sway.  The  transparent  plate  eliminated  foot 
position  as  a  stimulation  load  on  the  plate,  so  that  the  same  position  of  the  foot 
would  be  maintained  in  all  the  repeated  tests  (Figure  2). 

Twenty  subjects  having  no  past  history  of  labyrinth  disturbances  or  head 
injuries  (male;  average  age,  24.5  years)  were  used  in  the  experiments.  Of  these,  16 
were  chosen  for  plantar-mechanoreceptor  stimulation.  The  order  of  use  of  the 
three  plates  was  chosen  by  random  allocation.  For  comparison  with  the  results, 
10  subjects  were  given  a  breath-holding  test.  It  is  well  known  that  respiration 
influences  body  sway;  our  reason  for  using  breath  holding  was  that  we  already 
knew  from  our  past  research  that  this  would  reduce  body  sway.' 
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Figure  1.  Block  diagram  of  the  data  processing  system. 


Two  subjects  were  tested  for  neuronal  discharge  in  the  tibial  nerve.  Needle 
electrodes  were  used  to  record  action  potentials  of  plantar-mechanoreceptor 
neurons  while  subjects  were  standing  on  each  of  the  plates. 


Results 

The  discharge  that  takes  place  in  tibial  nerve  fibers  when  the  plantar  surface 
is  stimulated  by  the  stimulus  plate  is  shown  in  Figure  3.  We  confirmed  that  the 
neurons  were  innervated  from  the  plantar  surface  by  tapping  and  showing  that 
the  frequency  increased  when  the  subject  bent  forward  or  backward.  The 
frequency  also  increased  or  decreased  in  response  to  greater  or  smaller  loading 
respectively. 


Figure  2.  Method  of  plantar-mechanore¬ 
ceptor  stimulation  by  three  types  of  shot¬ 
gun-ball  plates. 


(W.1  ) 
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10  sec 


tap  on  the  foot  shift  to  th*  forward  and  backward 


Figure  3.  Neuron  discharge  of  n.  tibialis  unit  in  response  to  body  movement  and  tap  on 
the  foot. 


Figure  4  is  a  comparison  of  the  neuronal  discharges  on  the  different  plates. 
WO  represents  no  stimulation;  Wl,  on  the  plate  of  shotgun  balls  arranged  at  1-cm 
distances;  W1.5,  balls  at  1.5-cm  distances;  and  W2,  at  2-cm  distances.  Discharges 
were  recognized  on  plates  Wl  and  W1.5,  showing  a  distinct  difference  from  W2. 
When  the  Jendrassik  maneuver  was  done,  an  increase  of  discharge  occurred 
even  on  plate  W2.  This  is  an  interesting  finding  and  suggests  that  the  increase  of 
the  discharge  here  is  the  result  of  the  external  disturbance  of  the  cerebellum 
connections  that  control  the  arms  and  feet.10 

Figure  5  (Table  1)  is  a  comparison  of  the  sway  areas  and  the  sway-shifting 


Control  (W.0) 

•.I?. ill, mmjwb  i mui  dL lH I, 
-  Eyes  open - - ' - 


10  «c 

Ulnli  InJtolii  III  I 
-  Eyes  closed  - ' 


il 

KHz 


Eyes  open - -  1 -  Eyes  dosed 


il 

KHz 


Eyes  open  11  1 - Eyes  closed  - 1  KHz 


E.O. - '• -  Eyes  closed - 1  > -  Jendrassik  maneuver 


KHz 


Figure  4.  Neuron  discharge  of  n.  tibialis  unit  in  response  to  mechanical  plantar 
stimulation  by  shotgun-ball  plates. 
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Figure  5.  Shifting  length  and  square  area  of  the  center  of  gravity  under  various 
conditions  (20  seconds). 


Table  l 

Comparison  of  Square  Area  and  Total  Shifting  Length  of  Sway  for  Each 
Stimulation  of  the  Plantar  Pressure  Receptor  with  Eyes  Open  and  Closed 


without 

Square  Area  (mm2)  (n  -  16) 
with  1  cm  with  1.5  cm 

with  2  cm 

EO 

EC 

EO 

EC 

EO  EC 

EO 

EC 

Mean 

129 

169 

100 

144 

106  140 

114 

179 

(±)SD 

83 

77 

57 

84 

49  64 

53 

66 

Shifting  Length  (mm)  (n  -  16) 

without 

with  1  cm 

with  1.5  cm 

with  2  cm 

EO 

EC 

EO 

EC 

EO  EC 

EO 

EC 

Total  Shifting  Length 


Mean 

(*)SD 

201.4 

42.3 

309.3  195.4  262.5  199.5 

110.6  34.4  79.7  34.7 

264.3 

68.8 

196.4 

38.8 

288.3 

75.6 

X -Component  Shifting  Length 

Mean 

(±)SD 

125.3 

38.5 

199.3  122.4  164.6  126.0 

82.8  33.0  54.2  38.1 

164.3 

60.9 

124.2 

35.6 

181.8 

50.3 

Y -Component  Shifting  Length 

Mean 

(±)SD 

153.6 

30.3 

241.1  153.4  212.4  158.6 

85.1  26.3  68.5  18.0 

212.9 

49.2 

153.8 

26.3 

214.6 

46.6 
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Figure  6.  Square  area  of  the  center  of  gravity  under  various  conditions  (20  seconds). 

lengths  when  the  plantar  mechanoreceptors  were  stimulated.  With  eyes  open, 
there  was  no  significant  difference  except  for  a  change  of  sway  area.  With  eyes 
closed,  there  were  differences  in  the  sway  area  and  the  sway-shifting  length  in 
Wl  and  W1.5  compared  with  those  of  WO,  but  almost  no  difference  in  W2. 
Apparently,  the  input  information  from  the  plantar  mechanorecepters  on  plates 
Wl  and  Wl.5  was  effective  enough  to  guide  the  righting  reflex  when  the  eyes 
were  closed.  However,  in  view  of  the  change  in  the  sway  area  in  W2  in  the 
eyes-open  situation  where  visual  stimulation  was  available,  changes  in  the  input 
information  could  have  an  effect  on  the  righting  reflex. 

Next,  a  comparison  was  made  between  the  change  of  body  sway  caused  by 
plantar-mechanoreceptor  stimulation  and  that  caused  by  breath  holding  (Figure 
6).  On  the  left  are  the  values  measured  during  mechanoreceptor  stimulation  with 
eyes  open  (EO)  and  eyes  closed  (EC),  and  on  the  right  are  the  values  with  breath 
held  (Table  2);  breath  holding  resulted  in  a  decrease  in  values.’  In  order  to 
analyze  these  phenomena,  the  body  sway  recorded  on  each  of  the  plates  was 
compared  by  power  spectrum  (Figure  7).  The  ordinate  is  a  logarithmic  scale 
showing  power,  and  the  abcissa  is  an  integral  scale  of  the  recorded  analysis  by 
ratio  up  to  10  Hz.  The  range  of  the  control  values  (WO)  is  shown  by  the  shaded 
area,  and  the  spectrum  for  body  sway  on  each  of  the  plates  is  represented  by  a 
different  line  (see  key  in  figure).  Most  of  the  subjects  showed  a  power  spread  of 
the  X-component  as  far  as  4  to  5  Hz,  while  the  Y-component  spectrum  spread  as 
far  as  7  to  10  Hz.  High-frequency  power  appeared  in  the  Y-component.  The 


Table  2 

Statistical  Data  on  the  Effect  of  Breath  Holding  (BH)  on  the  Area  of  Body 
Sway  and  the  Total  Shifting  Length  of  the  Center  of  Gravity  (n  -  10) 


Square  Area  of  Sway 

Total  Shifting  Length 

before  BH 

during  BH 

before  BH 

during  BH 

Mean  Value 

Standard  Deviation 

172  mm* 

±68 

146  mm* 

±76 

308  mm 
±84 

218  mm 
±96 
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power  spectrum  of  body  sway  on  these  stimulation  plates  at  these  power  levels 
showed  differences  over  3  Hz,  up  to  5  Hz.  There  was  a  strong  effect  of  Wl  on 
both  the  X-  and  Y-components,  particularly  when  the  eyes  were  closed.  In  the 
body-sway  control  system  when  visual  information  was  cut  off,  the  afferent 
information  from  labyrinth  and  deep  sensation  summated  so  that  the  body  sway 
was  controlled  efficiently.  Considering  the  fact  that  the  sway  control  is  centered 
at  4  to  5  Hz,  presumably  the  control  mechanism  should  have  a  summing  junction 
higher  in  the  central  nervous  system  than  the  spinal  level. 

Figure  8  is  power-spectral  analysis  of  the  influence  of  breath  holding  on  body 
sway.  There  was  not  much  difference  between  breathing  and  breath  holding. 
Especially  when  the  eyes  were  open,  no  difference  was  seen,  as  with  plantar 
stimulation.  With  breath  held  when  the  eyes  were  closed,  power  became  smaller 


Eyes  open  Eyes  closed 


Figure  7.  Change  of  power  spectrums  due  to  influence  of  plantar  stimulations.  Subject 
N.K.,  age  25,  male  (normal 


in  6  cases  out  of  10  at  the  low  frequencies  of  1  to  2  Hz,  as  shown  by  the  dotted  line 
in  the  figure.  This  phenomenon  was  present  in  both  the  X-  and  Y-components. 


Discussion  and  Conclusion 

Ever  since  Magnus, 19  the  labyrinth,  proprioreceptive,  visual,  and  touch  recep¬ 
tors  have  been  considered  to  be  important  factors  for  the  control  of  body 
equilibrium.  The  objective  of  gravimetric  analysis  is  to  observe  these  control 
mechanisms  as  a  whole,  expressed  as  the  center-of-gravity  sway.  However,  the 
factors  that  rule  body  sway  are  not  limited  to  those  mentioned  above;  psychologi- 
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Figure  8.  Change  of  power  spectrum  due 
to  influence  of  breath  holding.  Same  subject 
as  in  Figure  7. 


01  23456789  10Hz 


Eyes  closed 


cal  factors  also  are  involved,  which  makes  the  analysis  more  complicated.  Of  all 
these  factors,  the  plantar  pressure  receptor’s  role  in  the  control  of  sway  is  not  yet 
well  known.  Empirically,  neurological  patients  with  equilibrium  disturbances 
often  assume  a  legs-open  posture,  and  some  cases  of  spinocerebellar  degenera¬ 
tion  can  be  diagnosed  from  some  fine  movements  of  the  instep  or  toes.  By 
observing  these  movements  when  the  plantar  surface  touched  the  ground,  some 
fine  movements  could  be  observed,  reflecting  constant  efforts  to  central  swaying. 
This  means  that  the  plantar  mechanoreceptors  maintain  the  centor-of-gravity 
resistance  while  they  forward  this  pressure  information  to  the  central  nervous 
system  for  equilibrium  control. 

In  order  to  cope  with  these  delicate  pressure  changes,  we  used  mechanical 
stimulation  to  study  the  influence  of  the  information  on  recovery.  At  the  same 
time,  the  characteristics  of  the  mechanoreceptor  were  studied  in  comparison 
with  the  changes  in  body  sway  under  the  influence  of  breathing  conditions.  The 


Ficurb  9.  M-wave  and  H  (Hoff¬ 
mann)  response  to  mechanical  plantar 
stimulation  by  shotgun-ball  plates. 
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characteristics  of  the  receptors  are  summarized  as  follows:  Wl  and  Wl.5  stimulus 
plates  were  effective  in  changing  body-sway  area  and  sway-shift  length.  The 
j  results  of  the  tibial-nerve  neuron  discharge  showed  an  evident  increase  on  the 

Wl  and  Wl.5  plates.  It  will  be  interesting  to  find  out  through  what  process  these 
increased  discharges  are  contributing  to  control. 

We  recorded  Hoffmann’s  reflex  simultaneously  with  this  experiment  (Figure 
9).  The  result  was  that  there  was  no  change  of  M  and  H  waves  when  subjects 
were  on  the  different  stimulus  plates.  From  this  fact,  we  are  obliged  to  think  that 
the  stimulation  of  plantar  mechanoreceptors  under  the  experimental  conditions 
did  not  produce  its  influence  only  at  the  spinal  level  but  was  input  to  a  higher 
level  of  the  nervous  system. 


Crebral  cortex 

<  Cortical  sensory  area  ) 


* 


PAIN  SENSE  — '  LATERAL  EUNICULUS  — -  LATERAL  SPINOTHALAMIC  TRACT 

— *■  VENTRAL  POSTEROLATERAL  NUCLEUS  Or  TNE  THALAMUS 
— -  CORTICAL  SENSORY  AREA  (  POSTCENTRAL  OYRUS  1 

Figure  10.  Schema  of  the  lemniscal  system  (by  Bowsher  and  Albe-Fessard).u 


The  anterior  spinothalamic  pathway  reacts  to  touch  and  pressure  sensation. 
Bowsher  and  Albe-Fessard  report  that  the  anterior  spinothalamic  tract  is  well 
developed  in  human  beings  and  monkeys,  which  stand  on  two  feet,  and 
emphasize  its  importance.12  This  system  is  made  of  relatively  large  fibers  of  the 
A4  type.  In  another  of  our  experiments  on  patients  with  spinocerebellar  degener¬ 
ation,  where  the  plantar  mechanoreceptors  were  stimulated  with  wire  net, 
sway-speed  control  was  "slow.”12  These  results  agree  with  Marseden  et  al.’s 
experiment  on  the  arms,  where  they  demonstrated  an  effect  of  motor  receptors 
from  the  skin  sensory  systems.11  We  believe  there  is  an  important  neural  pathway 
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from  the  palms  and  the  plantar  surface  of  the  foot.  In  our  experiments,  where  the 
sole  surface  is  evenly  and  totally  stimulated,  the  W1  stimulation  condition 
evidently  was  more  effective  than  was  W2  stimulation. 

For  the  transmittance  of  this  information,  the  systems  illustrated  in  Figure  10 
are  known  to  be  involved;  of  these,  the  posterior  column  tract  and  the  anterior 
spinothalamic  tract  have  been  identified.  Particularly,  the  epicritic  pathway  in 
the  medial  leminisci  of  the  posterior  column  participates  in  identification  of 
species  and  has  a  role  in  the  integral  circuit. 

Also,  while  treating  a  patient  with  Parkinson's  disease,  we  found  that  when 
the  plantar-stimulation  test  was  done,  at  the  stage  when  the  tremor  disappeared, 
recurrence  of  tremor  occurred  in  combination  with  body  sway.  We  now  are 
inclined  to  think  from  these  factors  that  the  plantar-input  information  either 
directly  or  indirectly  influences  muscle-rhythm  control  at  the  cerebral-basal- 
ganglia  level.  In  addition,  we  studied  the  mechanoreceptor  stimulation’s 
influence  on  the  electroencephalograph,  but  there  was  no  change. 

The  influences  of  breath  holding  on  body  sway  tended  to  decrease  the  sway 
area  and  the  shift  length  from  those  with  plantar-mechanoreceptor  stimulation. 
Actually  the  mean  values  are  smaller  while  the  standard  deviations  (SD)  are 
large.  Tliese  decreases  in  area  and  shift  length  must  be  reflecting  the  influence  of 
chest  and  abdominal  breathing.  But,  as  McCaffrey  and  Kern  advocate,17’" 
autonomic-nervous-system  reaction  should  be  taken  into  consideration  in  view 
of  the  change  in  C02  concentration  in  various  types  of  respiration,  which  affects 
the  influence  of  the  nasal  mucous  membrane  on  the  autonomic  nervous  system. 
This  will  be  a  study  for  the  future. 

At  any  rate,  the  power-spectrum  analysis  of  the  factors  controlling  body  sway 
revealed  the  power  response  to  be  at  about  1-2  Hz  when  the  breath  was  held, 
while  in  the  case  of  plantar-mechanoreceptor  stimulation,  the  power  response 
was  seen  at  3-5  Hz.  As  these  two  sway-control  factors  had  different  response 
frequencies,  involvement  of  different  control  systems  is  suggested.  In  breath 
holding,  influence  of  chest  and  abdomen  movements  may  be  considered;  but 
with  mechanoreceptor  stimulation,  the  system  that  may  be  involved  in  the  motor 
control  must  be  at  the  basal-ganglia  level,  in  view  of  the  relatively  fast  frequency 
at  3-5  Hz. 
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OCULAR  TORSION  IN  THE  CAT  AFTER  LESIONS  OF 
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Introduction 

Sensory  inputs  from  the  vertical  semicircular  canals  and  otolith  organs  help  to 
maintain  gaze  during  changes  in  head  posture  relative  to  gravity.  It  is  known  that 
both  the  canal  and  otolith  inputs  can  contribute  to  this  vestibulo-ocular  reflex 
(VOR).'  However,  the  way  in  which  these  inputs  interact,  vis-S-vis  the  VOR,  and 
the  central  nervous  system  (CNS)  structures  and  pathways  that  are  important  for 
this  are  not  well  delineated.  One  aspect  of  this  problem  is  to  quantitate  the 
responses  to  each  input  when  it  is  present  alone,  such  as  has  been  done  with  pure 
vertical  canal  and  otolith  stimulation.'"*  Regarding  the  CNS  structures,  consider¬ 
able  evidence  based  on  lesion  studies,  single-unit  recording,  and  clinical  case 
reports  suggests  that  the  interstitial  nucleus  of  Cajal  (INC)  and  certain  other  areas 
of  the  midbrain  are  important  for  controlling  vertical  gaze.5*15  In  this  regard  it  has 
been  found  that  lesions  of  the  INC  significantly  change  the  characteristics  of  the 
VOR  during  pure  vertical  canal  stimulation.2 

The  present  work  further  examines  the  VOR:  the  response  to  stimulation  of 
the  otolith  organs  during  static  lateral  tilt.  In  this  case,  the  response  is  a  rotation  of 
the  eyes  opposite  to  the  head  tilt  and  is  assumed  not  to  be  influenced  by  the 
semicircular  canals.  The  objective  of  the  study  was  to  compare  the  amount  of 
ocular  counterrolling  in  normal  and  INC-lesioned  cats  and  thereby  to  provide 
some  evidence  that  might  suggest  whether  or  not  the  INC  plays  a  role  in  the 
canal-otolith  interactions  vis-A-vis  the  vertical  VOR. 


Methods 

Alert,  restrained  cats  were  used.  To  allow  for  tilting,  a  given  animal  was 
placed  in  a  box  to  which  the  animal’s  head  was  attached  firmly  by  means  of  bolts 
chronically  implanted  into  the  skull.  The  animal  box  was  fixed  to  a  small  gimbal 
structure,  which  permitted  the  entire  cat  to  be  tilted  onto  its  side.  During  the  tilt, 
the  otolith  organs  were  stimulated  by  changes  in  the  components  of  gravity  along 
the  animal's  coordinate  axes.”  In  particular,  the  component  along  the  cat’s 
transverse  (interaural)  axis  is  assumed  to  have  been  the  effective  stimulus.  It  is 
proportional  to  sin  0,  where  6  is  the  angle  of  head  tilt. 

The  eyes  of  the  cat  were  photographed  with  a  35-mm  camera,  which  was 
positioned  directly  in  front  of  the  animal  and  focused  on  the  midpoint  between 
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the  eyes.  To  discount  possible  transient  responses  due  to  head  movement, 
photographs  were  not  taken  until  60  seconds  after  the  cat  had  been  positioned. 
The  negatives  of  the  film  were  projected  onto  a  flat  surface  with  a  print  enlarger 
so  that  the  eyes  could  be  seen  easily  and  direct  measurements  made  on  the 
orientation  of  the  animal’s  pupils.  The  direction  of  orientation  is  that  of  the  upper 
edge  of  the  pupil:  nasally  directed  is  referred  to  as  inward,  and  temporally 
directed  as  outward.  In  order  to  facilitate  the  measuring,  three  drops  of  a  3% 
ophthalmic  solution  of  carbachol  chloride  were  put  on  the  surface  of  each  eye, 
one-half  hour  before  photographing.  This  had  the  effect  of  constricting  the  pupils 
into  a  slit,  so  that  the  orientation  of  the  pupils  could  in  fact  be  measured.  An 
example  of  one  normal  cat  is  shown  in  Figure  1  (top). 

Although  this  technique  is  straightforward,  there  are  several  sources  of 
measurement  error  that  should  be  noted.  Among  these  are  the  alignment  of  the 
camera  relative  to  the  cat,  the  position  of  the  film  within  the  camera,  and  the 


Figure  1.  The  pupil  orientation  is  shown  for  a  normal  cat  (top)  and  a  cat  with  a  kainic 
acid  lesion  of  the  left  INC  (bottom).  Note  that  the  pupils  were  constricted  by  carbachol 
chloride. 
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Figure  2.  Measurements  of  the  pupil  orientation  for  one  normal  cat  during  static  lateral 
tilt  with  the  side  ipsi  or  contra  to  the  eye  being  down.  The  upper  edge  of  the  pupil  defines 
its  orientation:  IN  for  nasally  directed;  OUT  for  temporally  directed.  Each  data  point  is  the 
mean  of  five  measurements  from  photographs  taken  in  the  light  [O,  right  (r);  A,  left  (1)]  or 
dark  [•  (r);  A  (1)]. 


position  of  the  film  negative  within  the  print  enlarger.  Another  source  of  error  is 
the  pupil  itself.  During  the  course  of  one  photographing  session  [V2  to  lVi  hours), 
the  shape  of  the  pupil  sometimes  would  change,  likely  due  to  changes  in  local 
carbachol  chloride  concentration,  which  would  affect  the  pupillary  muscle 
contraction.  It  is  estimated  that  all  together  these  errors  give  a  measurement 
accuracy  of  about  ±1.0°.  The  resolution  of  the  measurement  itself  is  about  ±0.3°. 

Kainic  acid  lesions  of  the  interstitial  nucleus  of  Cajal  were  made  by  stereotax- 
ically  injecting  0.75  pi  of  a  phosphate  buffer  containing  0.75  pg  of  kainic  acid.  The 
lesion,  as  judged  by  glial  proliferation  and  the  loss  of  INC  neurons,  typically 
extended  from  A4.5  to  A6.5  (Horsley-Clark  coordinates),  about  2  mm  in  diame¬ 
ter. 


Results 

Normal  Animals 

The  counterrotation  of  the  eyes  was  determined  by  measuring  the  pupil 
orientation  in  four  normal  cats.  For  two  of  the  animals,  two  situations  were  used: 
(a)  with  the  room  lights  on,  and  (b)  in  complete  darkness.  In  the  latter  case,  a 
strobed  flash— synchronized  to  the  shutter  opening  (duration  of  approximately  8 
mseconds)— was  used  to  photograph  the  pupils.  Comparing  the  data  from  the  two 
situations,  no  significant  differences  were  found.  It  therefore  will  be  assumed 
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that  visual  inputs  were  not  affecting  the  eye  position  significantly  in  the  present 
experimental  situation. 

Measurements  of  pupil  orientation  for  one  animal  are  plotted  in  Figure  2.  In 
the  absence  of  any  head  tilt,  the  upper  edge  of  both  pupils  was  directed  inward 
by  about  4-6°.  While  the  animal  was  tilted,  there  was  a  change  as  the  eyes 
counterrotated:  for  the  eye  ipsilateral  to  the  side  that  was  tilted  down,  the  pupil 
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Figure  3.  Ocular  counterrolling  during  static  lateral  hit.  x:  mean  (±  standard  error)  of 
pupil  orientations,  normalized  to  0°  for  no  tilt,  for  four  normal  cats.  Circles  are  data  from 
three  cats  with  unilateral  kainic  acid  lesions  of  the  INC,  each  point  being  the  mean  value 
for  10  measurements  (from  one  animal)  of  pupil  orientation  for  the  eye  ipsi-  (•)  or 
contralateral  (O)  to  the  lesion.  Dashed  lines  are  mean  values  of  the  circles.  Note:  5.5°  have 
been  added  to  each  point  for  the  iesioned  animals.  Ipsi-  and  contralateral  side  down  are  in 
reference  to  the  eye. 
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W88  more  inward  directed;  for  the  other,  contralateral  eye,  it  was  less  inward  or 
was  outward  directed.  To  emphasize  the  eye  movements,  the  pupil  orientations 
were  normalized  to  0°  for  the  case  of  no  head  tilt.  Changes  due  to  a  tilt  then  are 
referred  to  as  intortion-extortion.  This  was  done  for  data  (obtained  from  photo¬ 
graphs  taken  in  the  light)  from  the  four  normal  cats  and  is  shown  in  Figure  3.  The 
mean  values  ( x )  show  changes  of  about  5-6°  for  40°  of  head  tilt  to  either  side. 
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In  three  cats,  kainic  acid  was  used  to  make  a  unilateral  lesion  of  the  INC.  In 
these  animals,  an  asymmetry  in  pupil  orientation  was  present.  This  was  observed 
within  24  hours  of  the  injection  and  still  was  present  three  months  later.  An 
example  of  the  asymmetry  is  shown  in  Figure  1  (bottom).  In  this  animal,  the  left 
INC  had  been  lesioned.  Note  that  the  left  pupil  is  rotated  inward  and  the  right 
pupil  is  rotated  slightly  outward,  in  marked  contrast  to  a  normal  cat,  such  as 
shown  in  Figure  1  (top).  Figure  3  shows  the  amount  of  asymmetry  and  counter¬ 
roll  for  the  three  unilateral  INC  cats.  The  eye  contralateral  to  the  lesion  (o)  was 
extorted  throughout  most  of  the  range  of  tilting,  the  amount  varying  from  0-12°. 
In  contrast,  the  eye  ipsilateral  to  the  lesion  (•)  was  intorted  from  5-15°  through¬ 
out.  Note  that  5.5°  were  added  to  all  data  points  for  the  INC  cats  in  order  to 
facilitate  a  comparison  with  the  normal  data  (x). 

In  two  cats,  bilateral  lesions  of  the  INC  were  made.  For  these  animals  there 
was  no  asymmetry  in  pupil  orientation  when  the  head  was  in  the  normal  upright 
position.  Over  the  range  of  tilting  used,  40°,  the  amount  of  ocular  counterroll  was 
not  significantly  different  from  that  of  normal  cats  (cf.  Figure  3). 


Discussion 

In  the  present  experiments,  ocular  counterroll  was  measured.  For  static  tilts  of 
±40°,  the  eyes  rotated  5-6°  in  normal  cats.  For  this  range  of  tilt  and  within  the 
limitations  of  the  measurement  techniques  used,  no  significant  difference  was 
found  with  the  animals  in  the  dark  compared  to  in  the  light.  Under  other  stimulus 
conditions,  however,  visual  inputs  may  have  a  significant  effect.  It  is  known  that 
optokinetic  stimuli,  such  as  a  rotating  disc  with  alternate  black  and  white  sectors, 
can  cause  torsional  eye  movements.17  Also,  in  man,  tilting  head  movements 
performed  by  the  subject  himself  in  the  light  cause  slow  eye  movements  that  are 
interrupted  frequently  by  torsional  saccades.18  Regarding  the  latter,  Petrov  and 
Zenkin  reported  that  between  the  rapid  changes  in  eye  orientation  due  to  the 
saccades,  the  slow-phase  eye  movements  did  compensate  for  the  head  tilt.18  In 
contrast,  the  slow-phase  eye  movements  observed  in  the  dark  compensated  less 
well  for  the  head  movements,  and  there  were  fewer  saccades.  This  suggests  that 
in  man,  when  both  visual  and  vestibular  inputs  are  present,  ocular  counterroll 
may  be  able  to  stabilize  gaze  for  small  transient  changes  in  head  position  relative 
to  gravity. 

This  behavior  is  in  contrast  to  what  was  found  in  the  present  experiments, 
wherein  only  static  tilts  were  used:  the  amount  of  counterroil  was  much  less  than 
the  amount  of  head  tilt,  on  the  order  of  10-20%.  This  low  gain  is  in  agreement 
with  the  results  of  other  investigators  who  used  lateral  tilt,18-21  and  also  is  similar 
to  what  has  been  found  during  dynamic  vestibular  (i.e.,  otolith)  stimulation  in  the 
dark.01  Otolith  inputs  by  themselves  seem  to  have  a  relatively  small  effect  on 
compensatory  eye  movements,  although  they  do  make  significant  contributions 
when  other  sensory  inputs,  e.g.,  semicircular  canal  and  visual,  are  present.1-22 

The  results  from  the  animals  with  lesions  of  the  interstitial  nucleus  of  Cajal 
suggest  that  the  INC  can  influence  the  torsional  position  of  the  eyes.  Unilateral 
lesions  caused  an  asymmetrical  positioning  of  both  eyes,  which  was  present 
during  head  tilt  as  well  as  in  the  absence  of  any  head  tilt,  indicating  an  imbalance 
in  tonic  inputs  to  the  extraocular  muscles.  This  behavior  seems  to  be  different  in 
one  respect  from  that  described  by  Hassler  and  Hess  and  Szent&gothai.5-25  They 
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made  electrolytic  lesions  of  the  INC  and  described  an  abnormal  torsion  of  the 
eyes  if  the  head  was  held  in  a  normal,  upright  position  or  rotated  to  one  side.246 
One  possible  reason  for  the  difference  is  that  in  the  earlier  experiments  electro¬ 
lytic  lesions  were  made,  while  for  the  present  kainic  acid  was  used.  The  former 
would  have  destroyed  not  only  the  neurons  but  also  the  fibers  traversing  the 
region  of  the  INC,  among  which  are  fibers  from  the  contralateral  INC  and 
projections  to  the  rostral  interstitial  nucleus  of  the  medial  longitudinal  fascicu¬ 
lus.72528 

Compared  to  normals,  the  unilateral  INC-Iesioned  animals  tended  to  show 
less  of  a  change  in  the  amount  of  counterroll  when  comparing  ipsi-  and 
contralateral  side  down,  although  there  was  considerable  scatter  in  the  data.  The 
decreased  response  during  tilt  might  have  been  due  to  the  tonic  bias  to  the 
motoneurons  and  asymmetry  in  muscle  activation  or,  alternatively,  to  a 
decreased  otolith  input  to  the  motoneurons.  Pertinent  to  the  latter  possibility  are 
the  results  from  the  bilateral  INC-lesioned  animals.  In  these  there  was  no 
significant  asymmetry  in  eye  position.  Comparing  ipsi-  and  contralateral  side 
down,  the  changes  in  counterroll  were  similar  to  those  in  the  normal  cats.  This 
suggests  that  the  ocular  response  to  static  otolith  stimulation,  per  se,  is  not  directly 
under  the  influence  of  the  INC  and  that  the  decreased  response  in  the  unilateral 
INC  animals  may  have  been  due  to  a  tonic  bias.  It  should  be  noted,  however,  that 
dynamic  ocular  responses  to  pure  otolith  stimulation  might  be  affected  different¬ 
ly- 

In  contrast  to  the  present  results,  bilateral  INC  lesions  do  change  the  VOR 
responses  during  stimulation  of  the  vertical  semicircular  canals,2  suggesting  that 
the  INC  is  necessary  for  the  integration  of  an  eye-velocity  signal  (due  to  the  canal 
inputs)  into  an  eye-position  signal.27  The  effect  of  INC  lesions  on  the  vertical 
VOR  during  pitch  rotations,22  wherein  both  canal  and  otolith  inputs  are  present, 
thus  would  seem  to  be  due  in  large  part  to  effects  on  the  canal  contribution  to  the 
VOR.  Whether  or  not  the  dynamic  otolith  contribution  is  affected  remains  to  be 
determined. 
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tonic  head  deviation,  658, 659 
vestibular  responses  to  rotation,  665-667 
Eye-movement  recordings,  EHA  nystagmus 
and,  41 

Eye  movements,  acoustic-induced,  674-688 
Eye-muscle  geometry,  20-30 
compensatory  eye  movements,  27 
discussion,  25-28 

insertion  points  and  lines  of  action,  24 
introduction  to,  20-21 
kinematic  characteristics,  21,  28 
in  man  and  rabbit,  25, 26 
methods,  21-22 
optic  axis,  23 
results,  22-24 
spatial  relations,  23 
vestibulo-ocular  reflexes,  21,  22 
Eye-velocity  programming,  774-783 
discussion,  780-782 
introduction,  774 
materials,  774-775 
medullary  disorder,  779 
optokinetic  nystagmus,  775,  779 
optovestibular  nystagmus,  775, 779 
pontine  disorder,  774 
progressive  supranuclear  palsy  (PSP),  774 
results,  775-779 
rotation  test,  776-779 
smooth  pursuit,  775-776 
summary.  782 
test  procedure,  775 
voluntary  saccades,  775,  778 

Falling  monkey,  visual  motion  cues,  403- 
411 

data  processing,  405-406 
discussion,  408-410 

electromyographic  (EMG)  responses,  403 
with  enhanced  (EV)  or  reduced  (RV) 
visual  input,  407-408 
free-fall  device,  404-405 


introduction,  403 
methods,  403 

muscle  responses,  normal  vision,  406-407 
muscle  responses,  visual  manipulations, 
407-408 

preparation,  403-404 
in  total  darkness,  407 
visual  environment  during  falls,  405 
with  visual  stabilization,  407 
Fixation  of  visual  and  acoustic  targets, 
impaired  suppression  of  nystagmus, 
706-721 

discussion,  716-720 

fixation  suppression,  706,  709-710,  712, 
713-716,  718,  720 
introduction,  706 
methods,  707-709 
results,  709-716 
summary,  720 

Fixation  of  visual  and  nonvisual  targets, 
modifications  of  nystagmus,  689-705 
discussion,  699-703 

eye-movement  recording  and  data 
processing,  691-692 
introduction,  689-690 
methods,  690-692 

nystagmus  suppression,  postrotational, 
691 

nystagmus  suppression  during  sinusoidal 
head  oscillations,  690 
results,  692-698 

smooth-pursuit  (SP)  system,  689-690, 691- 
692,  699-703 

target  fixation  during  sinusoidal  head 
oscillations,  691 

Fixation  suppression,  706,  709-710,  712, 
713-716,  718,  720 
aftereffects  and,  437-441 
Flash  frequency  f„  sigma-movement  and. 
286-290 

Flash  sequence,  293-294 
Flocculus,  activation,  476-490 
comments,  488 

horseradish  peroxidase  (HRP)  injections, 
477-479,  484 
introduction,  476 
latency  distribution,  483-484 
mossy  fiber  potentials  and  NRTP 
stimulation,  479-480 

neuronal  activity  of  NRTP  neurons,  489- 
484 

neuronal  recording  sites,  histological 
examination  of,  484 

NOT  and,  476, 478, 484,  485, 486,  487, 488 
orthodromic  and  antidromic  activation, 
480-483 

pretectal  region,  484-488 
pretectal  relay  neurons,  484-488 
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Flocculus  (Cont'd) 

Purkinje  cells,  476-477 
visual  mossy  fiber  afferents,  477-464 
Flocculus,  activity  of,  491-503 
conflicting  visual-vestibular  stimulation, 
494 

discussion,  497-502 
input  activity,  492-497 
introduction,  491 
methods,  491-492 
optokinetic  nystagmus,  491, 492 
optokinetic  stimulation,  492, 497 
output  activity,  497 
Purkinje  cells,  492,  497, 499 
results,  492-497 

simple  spike  (SS)  activity,  496,  497,  498 
Flocculus,  cerebellar,  optokinetic  responses 
and.  455-464 

brain-stem  projection,  456-457 
discussion,  460-463 

effect  of  NRTP  lesion  on  optokinetic 
responses,  459-460 
field  potentials,  458-459 
introduction,  455 
methods,  455-456 

precerebellar  nucleus  relevant  to 
optokinetic  responses,  463 
projection  of  caudal  part  of  DNR,  462 
projection  from  NRTP,  460-462 
results,  456-460 
role  of  NRTP  in  OKN.  462-463 
Flocculus,  visual  mossy  fiber  inputs,  465- 
475 

direction-only,  466-468 

direction-  and  velocity-related,  468-473 

discussion,  473-474 

introduction.  465 

methods.  465-466 

results,  466-473 

smooth-pursuit  eye  movement,  465,  468- 
469,  474 

Frog  semicircular  canal,  phasic 
components.  31-39 

bubble  displacement  and  coil  voltage,  32 

discussion,  37-39 

introduction,  31 

materials  and  methods,  31-32 

results,  32-37 

schematic  representation,  32 
semicircular  canal,  31 
Frontal-eye-field  (FEFj  lesion,  656-673 
discussion,  669-671 
duration  of  vestibular  responses,  667 
eye-head  coordination,  670-671 
eye  movements,  670 
head  deviation,  661-663 
head  and  eye  nystagmus,  frequency  of, 
661 


head  and  eye  nystagmus,  negative 
correlation  of,  663-665 
head  movements,  669-670 
introduction,  656-657 
methods,  657-658 
morphology,  667-669 
optokinetic  responses,  660-669 
results,  658-669 

slow-phase  eye  velocity  (SPEV),  660-661, 
662 

slow-phase  gaze  velocity  (SPGV),  660- 
661,  662,  665-667,  668 
slow-phase  head  velocity  (SPHV),  660- 
661,  662 

spontaneous  eye  and  head  nystagmus, 
658-659 
summary,  671 

tonic  head  deviation,  658,  659 
vestibular  responses  to  rotation,  665-667 

Goal-directed  saccades,  744,  745,  747, 
751-753,  754 
accuracy  of,  748-751 
Gravity  and  rotatory  nystagmus,  44-55 
discussion,  52-54 
eye  movements,  45 
introduction,  44 
methods,  44-45 

off-vertical  axis  rotation,  49-50,  52 
optokinetic  stimulator,  45 
peak  eye  velocity,  47 
results,  46-52 
semicircular  canals,  52 
slow-phase  eye  velocity,  48-49 
vestibulo-ocular  reflex  (VOR),  54 

Head  extension,  postural  balance,  645, 
648 

Head  extension  and  norma)  head  position, 
differential  effects  of,  640, 641 
Head-extension  vertigo,  636-637, 644 
Head  movements,  gaze  with  and  without, 
582-587 

Head  nodding,  614-618 
compensating  for  nystagmus,  615-616 
introduction,  614-615 
as  involuntary  movement  (tremor),  615 
switching  off  nystagmus,  616-618 
Head  tilt,  262,  263-264,  271 
Head  tilting,  changes  in  receptive  field 
characteristics  following,  265-269 
Heavy  water,  262,  272 
changes  in  receptive  field  characteristics 
following,  269-270 

Helsinki  Declaration  on  Medical  Ethics, 
829 

Horizontal  conjugate  gaze,  102-111 
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Horizontal  eye  movement  signals  (in 
second-order  vestibular  nuclei 
neurons  in  the  cat).  144-156 
abducens  nucleus,  146 
activated  from  contralateral  labyrinth, 
147-151 

activated  from  ipsilateral  labyrinth,  151- 
153 

data  processing,  147 
discussion,  153-155 
eye  movement  recording,  145 
identification  of  vestibular  nucleus 
neurons.  145-146 
introduction,  144-145 
methods.  145-147 
nystagmus,  144 

recording  of  neuronal  activity,  146 
results,  147-153 
saccades,  152 
vestibular  stimulation,  146 

Horizontal  fast  eye  movement,  130-143 
collateral  projection  of  EBN  axons  in 
brain  stem,  136-138 
discharge  pattern  of  EBNs,  132-133 
discussion,  140-142 
dorsomedial  reticular  formation,  132 
introduction,  130-131 
location  of  EBNs,  135-136 
long-lead  burst  neurons,  132, 135 
methods,  131-132 
nystagmic  cycle,  132 
results.  132-140 

reticulospinal  neurons,  137-138 
target  neurons  of  EBN  axons,  138-140 
termination  of  EBN  axons  in  ipsilateral 
abducens  nucleus,  133-135 
type  I  and  II  vestibular  nuclei  neurons, 
128, 139-140, 141 

Horizontal  linear  acceleration,  ocular 
torsion  during,  84-87 

Horizontal  optokinetic  eye  nystagmus 
(OKN).  230-231 

Horseradish  peroxidase  (HRP)  injections, 
477-479.  484 

Human  postural  dynamics,  722-730 
discussion,  728 
introduction,  722 
method,  725 

notations  for  equations,  730 
physical  model,  722-725 
postural  control,  722,  726, 728 
results,  726-728 

Hypometric  and  multiple  saccades,  758, 
759, 760-781 

Idiopathic  childhood  nystagmus,  head 
nodding,  814-618 

compensating  for  nystagmus,  615-616 


introduction,  614-615 
as  involuntary  movement  (tremor),  615 
switching  off  nystagmus,  616-618 
Image  motion,  see  Natural  retinal  image 
motion 

Impaired  suppression  of  nystagmus,  706- 
721 

discussion,  716-720 

fixation  suppression,  706,  709-710,  712, 
713-716,  718,  720 
introduction,  706 
methods,  707-709 
results,  709-716 
summary,  720 

Infants,  labyrinthine  hypoactivity  on  gross 
motor  development,  412-420 
bilateral  dysfunction,  412 
congenitally  hearing-impaired  group, 
416-417 

control  group.  415-416 
discussion,  417-419 
gross  motor  development,  412 
introduction.  412 
methods.  413 

perrotatory  and  postrotatory  nystagmus, 
413 

procedure,  413-414 
results,  414-415 
rotation  tests.  412, 414-415 
subjects,  413 

Inferior  olivary  complex,  nBOR  complex 
projections  upon,  220-222 
Inferior  olivary  projections  upon  the 
vestibulocerebellum,  222 
Input  activity,  primate  flocculus.  492-497 
Instability  in  the  optokinetic-vestibular 
system,  periodic  alternating 
nystagmus  and,  619-635 
characteristics,  620-623 
clinical  material,  620-622 
conclusion,  633 
discussion,  631-633 
effects  of  drug  treatment,  625-626 
hypothesis  for,  626-631 
introduction,  619 
methods,  619-620 
model  to  simulate,  628-631 
optokinetic  responses,  625 
results,  622-626 
smooth  ocular  pursuit,  625 
vestibulo-ocular  responses,  623-625 
Interaction,  neuronal,  see  Neuronal 
interaction 

Interstitial  nucleus  of  Cajal  (INC),  ocular 
torsion  in  the  cat  and,  865-871 
counterrolling  during  static  lateral  tilt, 
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discussion,  869-870 
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Interstitial  nucleus  of  Cajal  (Cont’d) 
INC-lesioned  animals,  869 
introduction,  865 
methods,  865-867 
normal  animals,  865-868 
pupil  orientation,  normal  cat,  866-867 
results,  867 
VOR  responses,  870 

Ionic  lanthanum  as  a  tracer,  endolymphatic 
duct  and,  11-19 
discussion,  16-18 
future  experiments,  17 
in  a  guinea  pig,  12, 17 
introduction,  11 
materials  and  methods,  11-13 
resorption  of  endolymph,  17-18 
results,  13-15 

Ipsilateral  labyrinth,  second-order  neurons 
activated  from,  151-153 
Ipsilateral  medial  and  lateral  vestibular 
nuclei,  neuronal  interaction  and,  93- 
101 

discussion,  99-100 
HRP  studies,  99 
introduction,  93 

LVN  stimulation  on  MVN  neurons,  97- 
98 

materials  and  methods.  93-94 
MVN  stimulation  on  LVN  neurons,  94- 
96 

results,  94-98 

Kinetic  neurons,  118 
Kinocilium,  axonemal.  1, 3, 4 

Labyrinthine  and  neck  stimulation, 
combined  neuronal  responses.  367- 
370 

turning  sensations,  370 
Labyrinthine  disease,  disturbances  during 
lateral  gaze,  571-578 
bilateral  lesions,  575-576 
comments  and  conclusions,  576-577 
electro-oculography,  571 
gaze  overshoots,  577 
introduction,  571 
methods.  571-572 
results,  572-576 
terrestrial  magnetic  sensor,  571 
unilateral  lesions,  572-575 
VOR  gain,  572-573 
Labyrinthine  hypoactivity,  412-420 
bilateral  dysfunction,  412 
congenitally  hearing-impaired  group, 
416-417 

control  group,  415-416 
discussion,  417-419 


gross  motor  development,  412 
introduction,  412 
methods,  413 

perrotatory  and  postrotatory  nystagmus, 
413 

procedure,  413-414 
results,  414-415 
rotation  tests,  412,  414-415 
subjects,  413 

Lanthanum,  see  Ionic  lanthanum 
Lateral-eyed  and  frontal-eyed  animals, 
eye-muscle  geometry,  20-30 
compensatory  eye  movements,  27 
discussion,  25-28 

insertion  points  and  lines  of  action,  24 
introduction,  20-21 
kinematic  characteristics,  21,  28 
in  man  and  rabbit,  25,  26 
methods,  21-22 
optic  axis,  23 
results,  22-24 
spatial  relations,  23 
vestibulo-ocular  reflexes,  21,  22 
Lateral  gaze  disturbance,  571-578 
bilateral  lesions.  575-576 
comments  and  conclusions,  576-577 
electro-oculography,  571 
gaze  overshoots,  577 
introduction,  571 
methods,  571-572 
results,  572-576 
terrestrial  magnetic  sensor,  571 
unilateral  lesions,  572-575 
VOR  gain,  572-573 
Lateropulsion,  600, 601 
Left-right  vision  reversal,  self-motion 
sensation  and,  352-360 
conclusions,  359-360 
discussion,  358-359 
Experiment  I,  354-355 
Experiment  II,  355-356,  357 
Experiment  III,  356 
introduction,  352 
methods,  352-354 
results,  354-358 

reversed  circularvection  (RCV),  352,  354- 
355,  356,  358,  359 
summary,  360 

vestibulo-ocular  reflex  tests,  358 

IVlacular  and  neck  stimulation:  phase 
relation  of  LVN  unit  responses  to, 
390-391 

response  characteristics  of  LVN  neurons 
to,  375-379 

sensitivity  of  LVN  unit  responses  to,  389- 
390 
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Mastoid  air-cell  area,  vestibular  aqueduct 
and, 799-801 

Mechanisms  of  nystagmus,  see 
Physiological  mechanisms  of 
nystagmus 

Medial  longitudinal  fasciculus  (MLF),  102, 
103 

Medial  longitudinal  fasciculus, 
vestibulocollic  reflex  and.  397-398 
M6ni£re's  disease,  820-830 
discussion,  826-829 
endolymphatic  hydrops,  826 
endolymphatic  sac,  821,  826 
Helsinki  Declaration  and,  829 
introduction,  820-821 
method,  821-822 
patients,  822-826 

placebo  effect,  825-826,  827,  828,  829 
summary,  829 

temporal  bone  characteristics,  794-807 
Modification  of  nystagmus,  689-705 
discussion,  699-703 

eye-movement  recording  and  data 
processing,  691-692 
introduction,  689-690 
methods,  690-692 

nystagmus  suppression,  postrotational. 
691 

nystagmus  suppression  during  sinusoidal 
head  oscillation,  690 
results,  692-698 

smooth-pursuit  (SP)  system,  689-690,  691- 
692,  699-703 

target  fixation  during  sinusoidal  head 
oscillations,  691 

Modification  of  saccade,  755-763 
basal  ganglia  lesions,  758-759 
brain-stem  lesions,  759-760 
cerebellar  lesions,  759 
conclusion,  762 
data  analysis,  756 
discussion,  760-762 
introduction,  755 
method  and  material,  755-758 
normal  data,  756-757 
optokinetic  nystagmus,  757 
pursuit  eye  tracking  test,  757-758 
recording  eye  movements,  755 
results,  758-780 
spinocerebellar  ataxia,  760 
target  generation,  756 
unilateral  cerebral  lesions,  758 
Mossy  fiber  potentials,  evoked  by  NRTP 
stimulation,  479-480 
Mossy  fibers,  465-475 
Motion  sickness,  303-311 
discussion,  308-310 


introduction,  303 
methods,  303-305 
results,  305-308 
symptoms,  308 

vision  reversal  in  normal  light,  305-307 
vision  reversal  in  stroboscopic  light  (low- 
and  high-frequency  tests),  307-308 
Moving  acoustic  signals,  influence  on  eye 
movements,  674-688 
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latural  retinal  image  motion,  312-329 
data  acquisition  and  analysis,  314-315 
discussion,  327-329 
introduction,  312-313 
methods,  313-316 
recording,  313-314 
results,  316-327 

revolving  magnetic-field  monitor,  313- 
314 

stimulation,  314 
subjects,  315-316 
Neck  afferents,  stimulation  of,  365 
Neck  responses,  vestibular  and,  361-372 
ASS  cortex  (cat),  361-363,  366,  369,  370- 
371,  372 

discussion,  370-371 

horizontal  canal  stimulation,  361-363 

introduction,  361 

methods  and  results,  361-370 

neck  afferents  stimulation,  365 

neuronal  responses,  365-366.  367-370 

summary,  372 

turning  sensations,  364-365,  367,  370 
Neck  stimulation,  response  characteristics 
of  LVN  units  to,  379-382 
Neural  activity  in  the  NRTP,  249-261 
discrete-visual-target  motion,  256-257 
discussion,  257-260 
introduction,  249 
methods,  250-251 
optokinetic-related  cells,  251-253 
results,  251-257 

saccade-related  neurons,  253-256 
Neuronal  interaction,  93-101 
discussion,  99-100 
HRP  studies,  99 
introduction,  93 

LVN  stimulation  on  MVN  neurons,  97- 
98 

materials  and  methods,  93-94 
MVN  stimulation  on  LVN  and  neurons, 
94-96 

results,  94-98 

Neuronitis,  see  Vestibular  neuronitis 
Neurons,  nonlinear  characteristics,  112-124 
discussion,  118-128 
experimental  results,  113-118 
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Neurons  (Cont'd) 
histological  procedures.  113 
introduction,  112 
kinetic  neurons,  118 
materials  and  methods,  112-118 
neuron  discharge  rate,  114, 115 
recording  procedures,  113 
relationship  between  response  and 
magnitude  of  stimulus,  116, 117 
semicircular  canals,  120-125 
stimulating  procedures,  113 
summary,  128 

surgical  procedures,  112-113 
vestibular  nuclei,  113, 127-128 
Neurotological  test,  cerebellar  dysfunction, 
526-531 

clinical  application,  528-529 

discussion,  529-531 

experiment  sequence,  527 

means  and  standard  deviations,  527 

methods,  526-527 

phase  changes  of  VOR,  529,  530 

results,  527-528 

summary.  531 

VOR  gains.  528,  529 

Nonlinear  characteristics  of  neurons,  112- 
129 

discussion.  118-128 
experimental  results,  113-118 
histological  procedures.  113 
introduction,  112 
kinetic  neurons.  118 
materials  and  methods,  112-118 
neuron  discharge  rate,  114, 115 
recording  procedures,  113 
relationship  between  response  and 
magnitude  of  stimulus,  116, 117 
semicircular  canals,  120-125 
stimulating  procedures,  113 
summary,  128 

surgical  procedures,  112-113 
vestibular  nuclei,  113, 127-128 

Non-UHEV  units,  451-452 
Normal  light,  vision  reversal: 
high-frequency  tests,  305-307 
low-frequency  tests,  305 
Nucleus  of  the  basal  optic  root  (nBOR) 
complex: 

organization  of,  218-219 
projections  upon  inferior  olivary 
complex,  220-222 

projections  upon  oculomotor  complex, 
223-224 

projections  upon  vestibulocerebellum, 
219-220 

Nucleus  of  the  optic  tract  (NOT),  476,  478, 
484, 485, 486,  487, 488 


Nucleus  reticularis  tegmenti  pontis  (NRTP), 
455,  456-457,  458-463,  479-484,  485- 
488 

HRP  injections  into,  484 
lesion  of,  236-237 
projection  to  flocculus,  460-462 
role  in  OKN,  462-463 

Nucleus  reticularis  tegmenti  pontis,  neural 
activity  in,  249-261 

discrete-visual-target  motion,  256-257 
discussion,  257-260 
introduction,  249 
methods,  250-251 
optokinetic-related  cells,  251-253 
results,  251-257 

saccade-related  neurons,  253-256 
NRTP  lesion,  effect  on  optokinetic 
responses,  459-460 

NRTP  neurons,  neuronal  activity  of,  480- 
484 

NRTP  stimulation: 

field  potentials  in  flocculus  following, 
458-459 

mossy  fiber  potentials  evoked  by,  479- 
480 

Ocular  counterrolling  (OCR),  69-79 
characteristics,  73,  74,  75 
discussion,  77-78 
introduction,  69-71 
loss  of  labyrinthine  function,  71 
magnitude  of  (patients  with  unilateral 
inner  ear  disease),  72 
methods,  71-72 
results,  72-77 

role  of  vision  in  OCR  response.  77 
utricle,  70,  77,  78 
Ocular  torsion,  80-92 
acceleration  from  weightlessness,  87-88 
conclusion  and  summary,  90-91 
horizontal  linear  acceleration,  84-87 
introduction,  80 
methods,  80-90 
photographic  analysis,  80-82 
roll  vection  (supine  and  weightlessness), 
89-90 

video  measurement,  82-84 
Ocular  torsion  in  the  cat,  865-871 
counterrolling  during  static  lateral  tilt, 
868 

discussion,  869-870 

INC-lesioned  animals,  869 

introduction,  865 

methods,  865-867 

normal  animals,  865-868 

pupil  orientation,  normal  cat,  866-867 

results,  867 
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tilt,  868 

VOR  responses,  870 
Oculomotor  complex: 
nBOR  complex  projections  upon,  223- 

224 

projections  upon  the  extraocular  muscles, 

225 

Optokinetic  after-nystagmus  (OKAN),  421- 
422,  423,  424,  425,  426,  427,  428,  429- 
430,  431 

Optokinetic  after-nystagmus  (OKAN  I),  434, 
443-444 

aftereffects  and,  441 

Optokinetic  and  vestibular  stimuli, 
responses  of  units  in  the  pretectum 
and  NRTP  to,  241-244 
Optokinetic  nystagmus  (OKNJ,  44,  455,  456, 
459,  461 

role  of  NRTP  in,  462-463 
Optokinetic  pathways,  230-248 
circuitry  of,  to  Vn,  245-246 
comparison  of  optokinetic  responses,  245 
effects  of  lesions  on  OKN,  241 
effects  of  lesions  on  Vn  responses,  234- 
240 

introduction,  230-231 
lesion  of  the  NRTP,  236-237 
lesions  of  the  pretectum,  234-236 
lesion  of  the  vestibular  commissure,  237- 
238 

material  and  methods,  231 
optokinetic  responses  of  vestibular 
neurons,  231-233 
other  lesions,  238 

responses  to  optokinetic  and  vestibular 
stimuli,  241-244 
results  and  discussion,  231-246 
Optokinetic  reaction,  651 
Optokinetic  responses,  comparison 
between  pretectal,  NRTP,  and 
vestibular  neurons,  245 
Optokinetic  responses  of  vestibular 
neurons,  231-233 
time  course  of,  232 

Orientation  reaction,  acoustically  induced, 
674 

Orthodromic  and  antidromic  activation, 
480-483 

Otolithic  oculomotor  system,  56-68 
data  processing,  57-58 
discussion,  66-67 
introduction,  56 
methods,  56-58 
results,  58-67 
running  test,  57, 61-62 
summary,  67-68 
up-down  test,  56-57,  58-61 
vertical  eye  tracking  test,  56,  58-61 


Otosclerosis,  650 

Output  activity,  primate  flocculus,  497 

P aravestibular  canaliculus  (PVC),  801- 
802 

Periaqueductal  pneumatization,  797 
Periodic  alternating  nystagmus  (PAN),  619- 
635 

characteristics,  622-623 
clinical  material,  620-622 
conclusion,  633 
discussion.  631-633 
effects  of  drug  treatment.  625-626 
hypothesis  for,  626-631 
introduction,  619 
methods,  619-620 
model  to  simulate,  628-631 
optokinetic  responses,  625 
results,  622-626 
smooth  ocular  pursuit,  625 
vestibulo-ocular  responses,  623-625 
Phasic  components,  frog  semicircular  canal, 
31-39 

bubble  displacement  and  coil  voltage,  32 

discussion,  37-39 

introduction,  31 

materials  and  methods.  31-32 

results,  32-37 

schematic  representation,  32 
semicircular  canal,  31 

Physiological  mechanisms  of  nystagmus, 

40- 43 

eye-movement  recordings,  41 
semicircular-canal  and  otolith  afferents, 

41- 42 

squirrel  monkeys,  41 
vestibular-nerve  recordings,  41 
Plantar  mechanoreceptor,  855-864 
anterior  spinothalamic  pathway,  862-863 
data  processing  system,  856 
discussion  and  conclusion,  860-863 
introduction,  855 
methods,  855-856 
results,  856-860 

schema  of  lemniscal  system,  862 
Plasticity,  directional,  see  Directional 
plasticity 

Postural  control,  722,  726, 728 
Postural  imbalance,  636-649 
apparatus,  posturography,  and  data 
analysis,  637-638 
basilar  insufficiency,  636,  644 
blood  flow,  639-640 
experimental  procedure.  638-639 
head-extension  vertigo,  636-637,  644 
introduction,  636 
methods,  637-639 
posture,  640-644 
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Postural  imbalance  (Cont'd) 
results  and  comment,  639-644 
subjects,  637 
summary,  644-649 
Posturography,  637-638 
Precerebellar  nucleus  relevant  to 
optokinetic  responses,  463 
Pretectal  region: 
neuronal  activity,  485-488 
stimulation  threshold  mapping  in,  484- 
485 

Pretectal  relay  neurons,  484-488 
Pretectum,  lesions  of,  234-236 
Primate  flocculus,  input-output  activity, 
491-503 

conflicting  visual-vestibular  stimulation, 
494 

discussion,  497-502 
input  activity,  492-497 
introduction,  491 
methods,  491-492 
optokinetic  nystagmus,  491,  492 
optokinetic  stimulation.  492,  497 
output  activity.  497 
Purkinje  cells,  492,  497,  499 
results,  492-497 

simple  spike  (SS)  activity.  496,  497, 498 
Primate  VOR,  “error"  signals  subserving 
adaptive  gain  control,  513-525 
gain  changes  from  foveal  pursuit 
tracking,  519-521 

hypothesis  (adaptive  gain  control  in 
primate  VOR),  521-524 
introduction,  513 
primate  flocculus,  518-519 
substitutes  for  retinal  slip  signals.  517- 
518 

substitutes  for  vestibular  (head-velocity) 
signals,  513-517 

Pure  vestibular  stimulation,  aftereffects  of, 
437, 438 

Purkinje  cells,  mossy  fiber  activation  of, 
476-477 

Random  dot  patterns,  sigma-movement 
of,  294-295 

Rat  otoconial  complexes,  808-819 
conditions  of  electrophoresis  and 
staining,  813 
discussion,  817-818 
EDTA  chelation,  812 
gels.  813 

introduction,  808-811 
material  and  methods,  811-814 
microdissection  and  sample  collection, 
812 

molecular-weight  determination,  814 


results,  814-817 

scanning  electron  microscopy,  814 
solubilization  and  denaturation,  812-813 
standards,  813 

Rebound  nystagmus,  532-539 
caloric  stimulus,  532,  537 
direction  of  gaze,  537 
discussion,  537-539 
electronystagmography,  532 
rotational  tests,  537 

slow-component  velocities,  535,  536,  538 
spontaneous  nystagmus,  533-535 
Reflex  dynamics,  395-402 
functional  roles  of  CCR  and  VC.i,  401- 
402 

medial  longitudinal  fasciculus,  397-398 
vestibulocollic,  395-398 
Reticulovestibular  organization,  130-143 
collateral  projection  of  EBN  axons  in 
brain  stem,  136-138 
discharge  pattern  of  EBNs,  132-133 
discussion,  140-142 
dorsomedial  reticular  formation,  132 
introduction,  130-131 
location  of  EBNs,  135-136 
long-lead  burst  neurons,  132, 135 
methods.  131-132 
nystagmic  cycle,  132 
results,  132-140 

reticulospinal  neurons,  137-138 
target  neurons  of  EBN  axons,  138-140 
termination  of  EBN  axons  in  ipsilateral 
abducens  nucleus,  133-135 
type  I  and  II  vestibular  nucleus  neurons, 
138, 139-140, 141 
Retinal  image  motion,  312-329 
data  acquisition  and  analysis,  314-315 
discussion,  327-329 
introduction,  312-313 
methods,  313-316 
recording,  313-314 
results,  316-327 

revolving  magnetic-field  monitor,  313- 
314 

stimulation,  314 
subjects,  315-316 

Reversed  circularvection  (RCV),  self- 
motion  sensation  and,  352,  354-355, 
356,  358,  359 

Revolving  magnetic-field  monitor,  313-314 
Rolling  (torsion,  cyclorotation,  wheel 
rotation)  of  the  eyes,  651-652 
Roll  vection,  ocular  torsion  during,  89-90 
Rotatory  nystagmus,  gravity  effects,  44-55 
discussion,  52-54 
eye  movements,  45 
introduction,  44 
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methods,  44-45 

off-vertical  axis  rotation.  49-50,  52 
optokinetic  stimulator,  55 
peak  eye  velocity,  47 
results  of,  46-52 
semicircular  canals,  52 
slow-phase  eye  velocity,  48-49 
vestibulo-ocular  reflex  (VOR),  54 
Running  test  (otolithic  oculomotor  system), 
57 

in  healthy  adults,  61-62 
in  patients  with  bilateral  loss  of 
labyrinthine  excitability.  63-66 

Saccade,  modification,  755-763 
basal  ganglia  lesions,  758-759 
brain-stem  lesions,  759-760 
cerebellar  lesions,  759 
conclusion,  762 
data  analysis,  756 
discussion,  760-762 
introduction,  755 
method  and  material,  755-758 
normal  data,  756-757 
optokinetic  nystagmus,  757 
pursuit  eye  tracking  test,  757-758 
recording  eye  movements,  755 
results,  758-760 
spinocerebellar  ataxia,  760 
target  generation,  756 
unilateral  cerebral  lesions,  758 
Saccade,  onset  of,  566-567 
Saccade-related  neurons,  253-256 
Saccades  and  the  vestibulo-ocular  reflex 
(VOR),  744-754 

activation  effect  and  goal-directed 
saccades,  748-750 

incomplete  summation  and  goal-directed 
saccades,  750-751 
introduction,  744 
methods,  744-745 
model  implications,  751-753 
results,  745-751 

saccades  during  visual  suppression  of 
VOR,  748 
summary,  754 

test  for  quick  and  slow  eye  movements, 
745 

Saccadic  eye  movements: 
characteristics  of,  731 
duration  of,  565-566 

typical  relationship  between  eyes,  734, 
736-738,  739,  741 

Saccadic  movement,  dissociation  of  the 
eyes  in, 731-743 
apparatus,  732-734 
data  analysis,  734-736 


discussion,  741-742 
introduction,  731 
materials  and  methods,  732-736 
recording  eye  movement,  734 
results,  736-741 
subjects,  732 
summary,  742-743 
Scanning  electron  microscopy,  3,  4 
Secondary  optokinetic  after-nystagmus 
(OKAN  II),  434,  441,  443,  444 
Secondary  vestibular  after-nystagmus 
(VAN  II),  434,  437,  439,  440-441,  442, 
443-444 

Self-motion  sensation,  352-360 
conclusions,  359-360 
discussion,  358-359 
Experiment  I,  354-355 
Experiment  II,  355-356,  357 
Experiment  III,  356 
introduction,  352 
methods,  352-354 
results,  354-358 

reversed  circularvection  (RCV),  352,  354- 
355,  356,  358,  359 
summary,  360 

vestibulo-ocular  reflex  tests,  358 
Semicircular  canal  afferents,  velocity 
storage  and,  421,  431 

Semicircular  canals,  Steinhausen  model, 
112 

Sigma-movement,  284-302 
during  active  body  movements,  293 
aftereffects,  296 
discussion,  299-301 

elicited  by  stationary  stereopatterns,  290- 
291 

flash  sequence  and,  293-294 
interaction  of  vestibulo-ocular  reflex  and 
Sigma-OKN,  296-299 
of  random  dot  patterns.  294-295 
Sigma  paradigms  and,  293-295 
spatial  period  P,  and  flash  frequency  f, 
and,  286-290 

of  three-dimensional  objects,  291-293 
visual  movement  perceived  with 
stabilized  retinal  stimuli,  284-286 
Sigma  paradigm: 

experiments  designed  to  refute,  293-294 
modification  of,  294-295 
Sinusoidal  rotation,  274,  275,  276,  277,  278, 
279,  280,  281,  282 
gaze  shift,  594 
nystagmus,  594-595 

Sinusoidal  rotation,  vestibular  habituation, 
330-339 

conclusions,  337-  338 
in  humans,  336-337 
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Sinusoidal  rotation,  vestibular  habituation 
(Cont’d) 

introduction,  330 
methods,  330-331 
in  the  monkey,  331-333 
in  neuronal  activity  along  the  VOR 
pathway,  333-336 
results,  331-337 
summary,  338 

of  vestibular  nystagmus  and  motion 
sensation,  335 

Sinusoidal  stimuli  responses,  590-599 
discussion.  598 
gaze  shift,  594 

horizontal  circularvection,  596-597 

introduction,  590 

methods,  590-594 

nystagmus,  594-596 

results,  594-597 

summary,  598-599 

Slow  cumulative  eye  position  (SCEP),  691- 
692,  693-695 

Smooth-pursuit  eye  movement,  465,  468- 
469,  474 

Smooth-pursuit  (SP)  system,  689-690,  891- 
692,  699-703 

Spatial  period  P.  sigma-movement  and, 
286-290 

Spinocerebellar  ataxia,  saccades  and,  760 
Spinocerebellar  atrophies,  cranial 
computerized  tomography  in,  831- 
838 

Spontaneous  nystagmus,  unilateral 
habituation  and,  342,  345-346,  349- 
350 

Squirrel  monkey,  EHA  nystagmus  and,  41 
Stabilized  retinal  stimuli,  visual  movement 
perceived  with,  284-286 
Stereopatterns,  stationary,  sigma- 
movement  elicited  by,  290-291 
Stored  activity,  manifestations  of,  421 
Stroboscopic  light,  absence  of  motion 
sickness,  303-311 
discussion,  308-310 
introduction,  303 
methods,  303-305 
results,  305-308 

visual  reversal  in  normal  light,  305-307 
vision  reversal  in  stroboscopic  light  (low- 
and  high-frequency  tests),  307-308 
Syphilis,  650 

Temporal  bone  characteristics,  794-807 
conclusions,  805 
endolymphatic  sac,  802-805 
introduction,  794 
material,  794-795 


methods,  795-797 

observations  and  comments,  797-805 
paravestibular  canaliculus  (PVC),  801- 
802 

periaqueductal  pneumatization,  797 
planimetry,  795 
plastic  molding,  795-797 
radiography,  795 

structure  of  petrous  pyramid,  798-799 
summary,  805-806 
tomography,  795 

vestibular  aqueduct  and  mastoid  area, 
799-801 

Three-dimensional  objects,  sigma- 
movement  of,  291-293 
Three-neuron  arc,  171-188 
eye  position  and  eye  velocity,  172 
integrator,  183-184 
introduction,  171 

motoneurons  and  motor  units,  174-177 
primary  afferent  vestibular  neurons,  177- 
178 

rate  position  and  velocity  diagrams,  175 
secondary  vestibular  neurons,  178-183 
VOR  in  operation,  171-174 
Tomography,  computerized,  see 
Computerized  tomography 
Torsion,  ocular,  80-92 
acceleration  from  weightlessness,  87-88 
conclusion  and  summary,  90-91 
horizontal  linear  acceleration,  84-87 
introduction,  80 
methods,  80-90 
photographic  analysis,  80-82 
roll  vection,  89-90 
video  measurement,  82-84 
Torsional  ocular  movements  in  man 
induced  by  sound,  see  Tullio 
phenomenon 

Tracer,  ionic  lanthanum,  11-19 
discussion,  16-18 
future  experiments  and,  17 
in  a  guinea  pig,  12, 17 
introduction,  11 
materials  and  methods,  11-13 
resorption  of  endolymph,  17-18 
results,  13-15 

Transsynaptic  study,  157-170 
abducens  internuclear  pathway,  166 
diffuse  patterns  of  silver  grain,  166-167 
discussion,  163-167 
distribution  of  silver  grains,  160 
experimental  details,  158 
grain  densities  in  structures,  159 
introduction,  157 
labeling  of  cell  bodies,  164 
methods,  157-158 
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motoneurons  from  internuclear  cells,  165 
results,  158-163 

retrograde  tracer  substance,  157 
Tullio  phenomenon,  650-655 
case  report,  650-651 
differentiation,  653-654 
discussion,  651-653 
introduction,  650 

rolling  (torsion,  cyclorotation,  wheel 
rotation),  651-652 
summary,  654 

Turning  sensation  (human),  concurrent 
indication  of,  364-365 

XJnilateral  cerebral  lesions,  saccade  and, 
758 

Unilateral  habituation,  340-351 
data  processing,  342 
introduction,  340 
methods,  340-342 

optokinetic  training,  341, 342,  346-350 
postexposure  testing,  342 
preexposure  testing,  341 
results  and  comments,  342-350 
spontaneous  nystagmus,  342,  345-356. 
349-350 

unidirectional  optokinetic  training.  341 
unidirectional  vestibular  training,  341 
vestibular  training.  341,  342-346 
Unilateral  vestibular  loss,  compensation  of 
(in  vestibular  neuronitis),  784-793 
computed  slow-phase  eye  velocity,  788 
directional  preponderance  (bithermal 
caloric),  787 
discussion,  789-792 
introduction,  784-785 
labyrinthine  preponderance  (bithermal 
caloric),  789 

methods  and  cases,  785-786 
peak  amplitude  preponderance 
(sinusoidal  rotation),  789 
peak  amplitude  ratio  (sinusoidal  rotation), 
789 

results,  787 

spontaneous  nystagmus,  784,  786,  787 
Up-down  test,  56-57 
in  healthy  adults,  58-59 
in  patients  with  bilateral  loss  of 
labyrinthine  excitability,  60-61 
Upward  head  and  eye  velocity  (UHEV) 
units,  448-450 

discharge  characteristics,  449 

V elocity  storage,  421-433 
discussion,  430-431 
introduction,  421-422 
methods,  422 


OKAN  and,  421-422,  423,  424,  425,  426, 
427,  428,  429-430,  431 
results,  422-430 

semicircular  canal  afferents,  421,  431 
storage  integrator  and,  429, 430,  431 
Vertebrate  hair  cells,  1-10 
displacement-response  curves,  8 
intracellular  recordings,  2,  5, 6 
introduction,  1-2 
kinocilium,  1,  3,  4 
materials  and  methods,  2-5 
receptor  potentials,  6-7 
relationship  between  displacement  of  tip 
of  hair  bundle  and  cellular  receptor 
potential,  8-9 
results,  5-8 

scanning  electron  microscopy,  3, 4 
Vertical  eye  tracking: 
in  healthy  adults,  58-59 
patients  with  bilateral  loss  of  labyrinthine 
excitability,  60-61 
Vertical  eye  tracking  test,  56 
Vertical  smooth  eye  movements,  dentate 
nucleus  and  y-group  in  generation 
of,  446-454 
conclusions,  453 
electrical  stimulation.  452 
introduction,  446 
methods,  446-448 
non-UHEV  units,  451-452 
results,  448-452 

upward  head  and  eye  velocity  (UHEV) 
units,  448-450 

Vestibular  after-nystagmus1  (VAN  I),  434, 
437,  438,  439,  442-443 

Vestibular  after-nystagmus  I  after  fixation 
(VANF  1),  439,  442-443 
Vestibular  after-nystagmus  II  after  fixation 
(VANF  II),  439,  440-441,  442 
Vestibular  and  neck  responses,  361-372 
ASS  cortex  (cat),  361-363,  366,  369,  370- 
371,  372 

discussion,  370-371 

horizontal  canal  stimulation,  361-363 

introduction,  361 

methods  and  results,  361-370 

neuronal  responses,  365-366,  367-370 

stimulation  of  neck  afferents,  365 

summary,  372 

turning  sensations,  364-365,  367,  370 
Vestibular  and  oculomotor  physiology: 
accuracy  of  gaze,  579-589 
acoustic- induced  eye  movements,  674- 
688 

activation  of  the  flocculus,  476-490 
active  head  rotations,  540-559 
activity  of  the  flocculus,  491-503 
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Vestibular  and  oculomotor  physiology 
(Cont'd) 

aftereffects,  434-445 
ascending  tract  of  Deiters’,  102-111 
avian  accessory  optic  system,  215-229 
binocular  counterrolling,  69-79 
brain-stem  projection,  455-464 
cat  medial  pontine  neurons,  189-209 
central  nervous  system  (CNS)  disorders, 
764-773 

chemical  transmission,  210-214 
circularvection,  274-283 
computerized  tomography,  831-838 
dentate  nucleus  and  y-group,  446-454 
directional  plasticity,  504-512 
directional  sensitivity,  1-10 
dissociation  of  the  eyes,  731-743 
disturbances  during  lateral  gaze,  571-578 
diving  competitors,  839-845 
endolymphatic  duct.  11-19 
eye-muscle  geometry,  20-30 
eye-velocity  programming,  774-783 
frontal-eye-field  lesion,  656-673 
habituation,  330-339 
habituation,  unilateral,  340-351 
head  nodding.  614-618 
horizontal  eye  movement  signals,  144- 
156 

human  postural  dynamics,  722-730 
impaired  suppression  of  nystagmus.  706- 
721 

labyrinthine  hypoactivity,  412-420 
mechanisms  of  nystagmus,  40-43 
Meniere’s  disease,  820-830 
modification  of  saccade,  755-763 
modification  of  nystagmus,  689-705 
motion  sickness.  303-311 
natural  retinal  image  motion,  312-329 
neck  responses,  361-372 
neural  activity  in  NRTP,  249-261 
neuronal  interaction,  93-101 
nonlinear  characteristics  of  neurons,  1 12- 
129 

ocular  torsion,  80-92 

ocular  torsion  in  the  cat.  865-871 

optokinetic  pathways.  230-246 

otolithic  oculomotor  system,  56-68 

periodic  alternating  nystagmus,  619-635 

phasic  components,  31-39 

plantar  mechanoreceptor,  855-864 

postural  imbalance,  636-649 

rat  otoconia!  complexes,  808-819 

rebound  nystagmus,  532-539 

reflex  dynamics,  395-402 

responses  to  sinusoidal  stimuli,  590-599 

reticulovestibular  organization,  130-143 

rotatory  nystagmus,  44-55 

saccades  and  the  VOR,  744-754 


self-motion  sensation,  352-360 
sigma-movement,  284-302 
temporal  bone  characteristics,  794-807 
test  for  cerebellar  dysfunction,  526-531 
three-neuron  arc,  171-188 
transsynaptic  study,  157-160 
Tullio  phenomenon,  650-655 
unilateral  habituation,  340-351 
velocity  storage,  421-433 
vestibular  influence  on  head-eye 
coordination,  560-570 
vestibular  neuronitis,  784-793 
vestibulospinal  neurons,  373-394 
visual  mossy  fiber  inputs,  465-475 
visual  motion  cues,  403-411 
visual  suppression  of  nystagmus,  846-854 
visual-vestibular  interactions,  262-273 
VOR  plasticity,  513-525 
Wallenberg's  syndrome,  600-613 
Vestibular  and  optokinetic  stimulation  and 
interaction,  aftereffects  of,  434-445 
apparatus,  435 
discussion,  442-444 
experimental  procedure.  435-437 
introduction,  434-435 
methods,  435-437 
OKAN  and.  441 

pure  vestibular  stimulation,  437, 438 
results,  437-442 
subjects,  435 
summary,  444 

vestibular,  despite  prior  fixation 
suppression,  437-441 
visual-vestibular  interaction,  442 
Vestibular  commissure,  lesion  of,  237-238 
Vestibular  habituation,  330-339 
conclusions,  337-338 
in  humans,  336-337 
introduction,  330 
methods,  330-331 
in  the  monkey,  331-333 
in  neuronal  activity  along  the  VOR 
pathway,  333-336 
results,  331-337 
summary,  338 

of  vestibular  nystagmus  and  motion 
sensation,  335 

Vestibular  influence,  upon  head-eye 
coordination,  560-578 
apparatus,  560-561 
data  reduction,  562-564 
discussion,  568-569 

duration  of  saccadic  eye  movement,  565- 
566 

experimental  procedure,  581 
introduction,  560 

latency  of  eye  movement,  564-565 
methods,  560-562 
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postrotational  nystagmus,  562 
qualitative  features,  562 
quantitative  features,  562-563 
results,  562-567 
saccades,  562 
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